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Sample preparation techniques are received increasing attention in the past few decades 
since they are critical in an analytical procedure. Along with the trend in miniaturization 
in analytical chemistry, microextraction methods have undergone rapid development. 
This thesis reports the development and application of ionic liquids (ILs) for liquid phase 
microextraction (LPME) and zeolite imidazolate frameworks (ZIFs) for sorbent phase-
based microextraction (SPBME).  An introduction to sample preparation and LPME and 
SPBME is given in Section 1. 
 
In Section 2, a new type of IL, 1-hexyl-3-methylimidazolium 
tris(pentafluoroethyl)trifluorophosphate ([HMIM][FAP]) applied in two-phase hollow 
fiber based LPME (HF-LPME) and ultrasound-assisted emulsification microextraction 
(USAEME) combined with high-performance liquid chromatography-ultraviolet (HPLC-
UV) for the analysis of UV filters is reported.  
 
In Chapter 2 of Section 2, HF-LPME using an IL as supported phase and acceptor phase 
(IL-HF-LPME) is proposed for the determination of four ultraviolet (UV) filters 
(benzophenone, 3-(4-methylbenzylidene)-camphor, 2-hydroxy-4-methoxybenzophenone 
and 2,4-dihydroxybenzophenone) in water samples for the first time. In this study, four 
different ILs 1-hexyl-3-methylimidazolium tris(pentafluoroethyl)trifluorophosphate) 
[HMIM][FAP], 1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl)trifluorophosphate 
[BMPL][FAP], 1-butyl-3-methylimidazolium phosphate ([BMIM][PO4]) and 1-butyl-3-
x 
 
methylimidazolium hexafluorophosphate ([BMIM][PF6]) were evaluated as extraction 
solvent. Only [HMIM][FAP] showed high chemical affinity to the analytes which permits 
a selective isolation of the UV filters from the sample matrix, allowing also their 
preconcentration. IL-HF-LPME and high performance liquid chromatography (HPLC) 
provides repeatability from 2.4 and 7.5% and limits of detection (LODs) between 0.3 and 
0.5 ng/ml. 
 
In Chapter 2, another approach termed IL based USAEME (IL-USAEME) combined 
with HPLC-UV was developed for the preconcentration and detection of UV filters in 
environmental water samples. An IL was used in place of an organic solvent as in 
conventional USAEME. In the study, orthogonal array designs (OAD) were employed for 
the optimization of the extraction parameters: type of IL, pH of the sample, extraction 





) was employed for the initial optimization. Based on the results of 
the first step, an ultra-hydrophobic IL, [HMIM][FAP] was chosen as the IL extractant. 
Ultrasonic time, extraction volume and salt concentration was further optimized in the 
second step by an OA16 (4
5
) matrix. Under the latter optimized conditions, the LODs for 
four UV filters were between 0.5 and 1 ng/ml. The validated technique was applied to the 
analysis of UV filters in environmental water samples. 
 
In Section 3, the thesis reports on a subclass of metal organic frameworks (MOFs), 
zeolite imidazolate frameworks (ZIFs) used as extraction sorbent of micro-solid-phase 
extraction (µ-SPE). ZIFs have permanent porosity, high surface area, hydrophobic 
xi 
 
property, open metal sites and remarkable water stability. These novel properties 
characterize these materials as being different from other moisture sensitive MOFs and 
endow ZIFs with the potential to extract trace analytes from environmental water samples.  
 
In Chapter 3, the synthesis of ZIF-8 used as a sorbent for micro-solid-phase extraction (µ-
SPE) of 6 polycyclic aromatic hydrocarbons (PAHs) from environmental water samples 
is reported. Parameters influencing the extraction efficiency such as desorption time, 
extraction time, desorption solvent and salt concentration were investigated. ZIF-8 was 
demonstrated to be a very efficient extraction sorbent for the extraction of trace analytes 
from environmental water samples. The LODs from gas chromatography-mass 
spectrometry (GC-MS) analysis of PAHs were 0.002 to 0.012 ng/ml. 
 
In Chapter 4, a new microextraction method, sonication-assisted emulsification combined 
with vortex-assisted µ-SPE (SAE-VA-µ-SPE), is introduced for the determination of 
acidic drugs. The required extraction time for this extraction method was less than 10 min, 
which showed that SAE-VA-µ-SPE was a very effective way to reduce extraction time. 
Specialized apparatus, such as a conical-bottom test tube or a centrifuge, and tedious 
procedures associated with classical dispersive liquid-liquid microextraction (DLLME) 
such as centrifugation, or refrigeration of the extraction solvent are not required. The 
LODs ranged between 0.01 and 0.03 ng/ml.  
 
In Chapter 5, IL-DLLME which involves a substantial usage of organic solvent, 
combined with μ-SPE (IL-DLLME-μ-SPE), and HPLC was developed for the 
xii 
 
determination of tricyclic antidepressants (TCAs) in water samples. A characteristic 
property of DLLME-VA-μ-SPE is that any organic solvent immiscible with water and 
solid sorbent can be used. A novel material, ZIF-4 was employed as μ-SPE sorbent. The 
LODs were in the range of 0.3 and 1 μg/l. The results showed that IL-DLLME-μ-SPE 
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Chapter 1. Introduction 
1.1 Sample preparation 
 
With an ever increasing level of production and industrialization, air, soil, ground and 
surface water pollution has become a growing worldwide problem, impacting adversely 
upon the environment and human health [1,2]. High or unacceptable concentrations of 
organic pollutants in aqueous environment have been reported [3, 4]. Even small amounts 
of some of those pollutants can be potentially toxic to humans and animals. This has put 
pressure on regulating authorities and research organizations to produce more 
information on trace levels of organic pollutants and their environmental significance. As 
a result, analysis of organic pollutants is being carried out on all types of environmental 
samples [5].   
 
The analytical process for the analysis of pollutants involves several steps: sampling, 
sample handling, sample preparation, separation, quantitation, and data processing [5]. 
Sample preparation is the bottleneck of the analytical process, especially in trace analysis 
[6]. The quality of sample preparation largely determines the success of an analysis from 
complex matrix. Despite advances in instrumental techniques, complete non-invasive 
measurements are still not possible in most cases. Thus, development of extensive sample 
preparation and preconcentration methods is necessary prior to instrumental analysis.  
 
The main aim of sample preparation is to clean up, isolate and concentrate the analytes of 
interest, while rendering them in a form that is compatible with the analytical system. 
4 
 
Traditional sample preparation methods involve liquid-liquid extraction (LLE) and solid-
phase extraction (SPE). LLE, in particular, can be tedious, labor-intensive and time-
consuming, and consume large quantities of potentially toxic and expensive high-purity 
solvents. SPE has been a good alternative to LLE, and uses much less solvent than LLE. 
Although extra steps of concentrating the extract down to a small volume are required, it 
is still a leading extraction technology. When conducted manually, SPE may also be 
tedious and time-consuming, although there are commercially available automated 
systems. These methods can thus, ironically, be source of environmental pollution. As a 
result, the development of cleaner, more reliable and robust extraction, trapping and 
preconcentration techniques has drawn growing interest.  
 
With regard to the development of extraction techniques, much effect has been paid to the 
miniaturization of traditional extraction methods in the past several decades. Several new 
methods have arisen based on LLE, which can be conducted with drastically reduced 
volume of extraction solvent, such as single drop microextraction (SDME), hollow fiber-
protected liquid-phase microextraction (HF-LPME) and dispersive liquid-liquid 
microextraction (DLLME). Other microextraction methods developed based on sorbent 
phase-based microextraction (SPBME) including fiber-based solid-phase microextraction 
(SPME), stir bar sorptive extraction (SBSE), microextraction in a packed syringe (MEPS), 
micro-solid-phase extraction (μ-SPE) and in-tube SPME have become also widely 
practical [7-14]. 
 
1.2 Liquid phase microextraction (LPME) 
5 
 
The development of simplified and miniaturized methods for LLE was focused on small 
organic solvent drops in the sample preparation system. LPME involves the use of a few 
microliters of extraction solvent for the concentration of analytes. Liu and Dasgupta 
reported a novel drop-in-drop extraction system in 1996 [15]. A drop of water-immiscible 
organic solvent was suspended inside a flowing larger aqueous drop from which the 
analytes were extracted. At almost the same time, Jeannot and Cantwell introduced a 
Teflon rod to support a droplet of organic solvent for extraction [16]. However, the main 
drawback of these two microextraction methods is that extraction and injection is 
performed separately in two different devices. In order to overcome the problem, 
Cantwell‟s group [17] and Lee‟s group [18] later employed a microsyringe to support an 
individual extraction drop, to realize the combination of extraction and injection in a 
single device, and this method is now known as SDME.   
 
1.2.1 Single drop microextraction (SDME) 
SDME is a preconcentration technique known to be simple, low cost, and solvent-
minimized, based on a great reduction of the extraction solvent volume. This sample 
preparation technique provides a suitable way for preconcentration and matrix separation 
prior to the detection and therefore is considered as the basic LPME technique. SDME is 
a widely used extraction technique to extract different organic and inorganic analytes. 
Various modes of SDME include direct immersion SDME (DI-SDME), headspace 
SDME (HS-SDME) and continuous flow microextraction (CFME). 
 
1.2.1.1 Direct immersion SDME (DI-SDME) 
6 
 
For DI-SDME, a microliter of water-immiscible organic solvent is withdrawn into a 
microsyringe. The needle of the microsyringe is passed through the sample vial septum. 
A droplet of organic solvent is suspended at the tip of the syringe needle in a stirred 
aqueous sample containing the analytes of interest. After extraction, the extraction droplet 
is withdrawn back into the microsyringe and introduced to instrument for analysis 
directly. SDME is an equilibrium process rather than an exhaustive technique. Mass 
transfer of the analytes from the aqueous to extraction microdrop continues until 
thermodynamic equilibrium is obtained.   
 
In order to improve the extraction efficiency of SDME, Lee‟s group, He and Lee 
developed dynamic-SDME or dynamic-LPME, they termed it [18]. In this procedure, the 
microsyringe is used as a microseparatory apparatus for extraction and also as a gas 
chromatography (GC) sample injector. The extraction process takes place by repeatedly 
manipulating the plunger in and out of the microsyringe barrel. The aqueous phase is 
withdrawn into the microsyringe barrel preloaded with an organic solvent. An organic 
film forms on the inner surface of the microsyringe along the wall of the barrel as the 
organic solvent is withdrawn back up towards the barrel, ejecting the sample. This 
process is repeated for a few times. Dynamic SDME allows faster mass transfer of the 
analytes from aqueous phase to extraction phase and provides higher enrichment factors 
[18, 19]. Dynamic-SDME provided higher extraction (~27-fold) enrichment within 
shorter extraction time (3 min) than static SDME, which provided 12~fold enrichment 





1.2.1.2 Headspace SDME (HS-SDME) 
HS-SDME was introduced by Jeannot and co-workers in 2001 [19], which is suitable for 
extraction of more volatile and semi-volatile analytes into a microdrop exposed to the 
sample. In this extraction process, three phases are involved in analytes distribution: 
aqueous phase, headspace phase and extraction phase. The overall rate of mass transfer is 
determined by both the aqueous phase stirring rate and the diffusion of the analytes 
within the extraction phase [20]. Aqueous phase mass transfer is the rate-determining step.  
 
HS-SDME is suitable for complex samples to achieve a high degree of extract /clean-up 
analysis since non-volatile compounds are not extracted in the headspace. This 
microextraction mode has been applied for the analysis of sulfur compounds [21], 
antimicrobial agents [22] and CBs [23]. A drop of sodium hydroxide instead of a high-
boiling organic solvent was employed as extraction phase for phenols [24] and high 
enrichment factors (106-528 folds) were obtained. This method provides a more 
environmentally friendly technique for the extraction of volatile and semi-volatile 
ionizable analytes.  
 
1.2.1.3 Continuous flow microextraction (CFME) 
CFME was first reported by Liu and Lee in 2000 [25], the first example of the attempt to 
automate SDME. Typically, an aqueous sample, instead of being stirred, is pumped 
continuously at a constant flow rate using an high performance liquid chromatography 
(HPLC) solvent delivery system into a home-made glass extraction chamber (a modified 
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sample vial with a septum-lined cap). A water-immiscible organic drop is introduced into 
the flow system by a traditional HPLC injection valve. The drop is held at the tip of a 
polyetheretherketone (PEEK) connecting tube which acts as the fluid delivery duct and as 
a solvent holder. The extraction solvent drop contacts the flowing sample solution 
continuously, such that mass transfer occurs by diffusion and molecular momentum 
(resulting from mechanical forces that contribute to the effectiveness of this method). 
Therefore, high concentration factor could be achieved. Concentration enrichment factors 
in the range of 260 to 1600-fold were achieved by 10 min of CFME of nitroaromatics and 
CBs [25].  
 
SDME has emerged as a viable sample preparation approach with which one could obtain 
generally acceptable data. It can and has been shown to be routinely applicable to real 
world samples [26]. Due to its simplicity, ease of implementation, and insignificant 
startup cost, SDME is accessible to virtually all laboratories. The main drawback of 
SDME is the potential instability of the drop at high stirring rates and/or temperatures 
[27]. Therefore, careful and delicate manipulation is needed in SDME. Moreover, the 
sensitivity and precision of SDME could be improved. Acidic samples or the presence of 
large non-polar species that can saturate the organic phase could be troublesome when 
SDME is applied [27]. 
 
1.2.2 Hollow fiber-protected LPME (HF-LPME) 
Pedersen-Bjergaard and Rasmussen introduced a new mode of LPME, based on the use 
of low cost, disposable porous polypropylene (PP) hollow fiber [28]. In HF-LPME, 
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Higher extraction efficiency can be achieved with HF-LPME compared to other LPME 
methods since the use of the hollow fiber allows vigorous stirring during extraction, and 
the higher contact area between the aqueous phase and the extraction phase facilitates the 
mass transfer process. The hollow fiber prevents extraneous interferences present in 
matrices from going into the extraction phase. Thus, considerable sample “clean-up” can 
be achieved [29-33]. HF-LPME includes two-phase, three-phase and solvent-bar 
microextraction (SBME).  
 
1.2.2.1 Two-phase HF-LPME 
Two-phase HF-LPME was developed by Rasmussen et al [34]. In two-phase HF-LPME, 
a microsyringe filled with a few microliters of organic solvent (the same organic solvent 
as immobilized in the hollow fiber wall) is inserted into a hollow fiber and then the fiber 
is immersed in organic solvent for impregnation of the porous wall. The hollow fiber is 
then immersed in the sample solution for extraction. After extraction, the extraction 
solvent is introduced to instrumentation for analysis. Since organic solvents are used as 
extraction solvent, the method is compatible with GC. Two-phase HF-LPME has been 
applied for extraction of analytes with a higher solubility in a water-immiscible organic 
solvent than in water samples, such as organophophrous pesticides (OPPs) [35-37], 
polychlorinated biphenyl (PCBs) [38,39], polycyclic aromatic hydrocarbons (PAHs) [40-
43] and organochlorine pesticides (OCPs) [44,45]. The results showed that the method 
provided high extraction selectivity and high enrichment factors.  
 
In order to apply this method to the determination of hydrophilic or thermally labile 
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compounds, additional derivatization procedure is required prior to the GC analysis 
[46,47]. Basheer and Lee coupled on-column derivatization with two-phase HF-LPME 
for the determination of phenol in water samples, it provided a good average enrichment 
factor of up to 162-fold. [48]. Combination two-phase HF-LPME with derivatization 
serves as a feasible technique to determine polar or thermally labile compounds in GC 
analysis. 
 
1.2.2.2 Three-phase HF-LPME 
Three-phase HF-LPME was developed by Pedersen-Bjergaard and Rasmussen [28]. In 
three-phase HF-LPME, the analytes are extracted from aqueous sample through the 
water-immiscible extraction solvent impregnation in the pores of the hollow fiber, and 
then extracted into an acceptor phase (aqueous phase, organic phase, or ionic liquid (IL), 
etc, different from supporting phase) inside the lumen of the hollow fiber. Compositions 
of the donor and acceptor solutions play an important role in three-phase HF-LPME. For 
ionizable analytes, acid-base dissociation is the most common reaction utilized to 
facilitate analyte extraction from the donor to the acceptor phase, via the intermediate 
supporting phase. The pH difference between donor and acceptor phases promotes the 
transfer of the analytes. For practical application, pH should differ from the pKa value of 
the analytes by at least 2 units [49-53]. In general, the acceptor phase is aqueous in this 
microextraction mode, three-phase HF-LPME is compatible with HPLC and capillary 
electrophoresis (CE). The method exhibited good extraction efficiency for the extraction 
of acidic compounds [54,55], basic compounds [56,57], and some very polar compounds 
[58]. The method is generally not applicable for extracting non-ionizable hydrophobic 
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compounds. However, recently, Basheer et.al [59] reported IL supported three-phase HF-
LPME was developed for the GC-MS analysis of aromatic and aliphatic hydrocarbons. 
The analytes were extracted from aqueous samples small volumes of IL and organic 
solvent in the hollow fiber wall and channel, respectively. The new technique provided up 
to 210-fold enrichment.  
 
1.2.2.3 Solvent-bar microextraction (SBME) 
Jiang and Lee originally explored a new form of HF-LPME termed as SBME [60]. In this 
method, the organic extraction solvent is confined in a short length of a hollow fiber, with 
both ends are sealed. It allows the device to tumble freely in the sample solution for 
extraction. Thus, mass transfer between aqueous phase and extraction phase is facilitated. 
SBME has been applied for the extraction of pentachlorobenzene and hexachlorobenzene 
[60], with enrichment factors of 110 and 70, respectively.  
 
HF-LPME can be directly used in complex samples, such as soil slurries [61], blood [62] 
and urine [63] since the hollow fiber acts as a barrier. The pore size of the hollow fiber 
wall (0.2 µm typically) is relatively small which allows microfiltration of the sample, 
resulting in clean extracts. It should be noted that the manipulation of the hollow fiber 
when placing it at the tip of the needle of the microsyringe before the microextraction 
process could be a source of contamination [10]. 
 
1.2.3 Dispersive liquid-liquid microextraction (DLLME) 
DLLME is a novel microextraction technique and was introduced by Rezaee et al. [64]. It 
12 
 
is based on the use of an appropriate extraction solvent, i.e., a water immiscible organic 
solvent of high density such as CBs, chloroform or tetrachloromethane and a disperser 
solvent such as methanol, acetone or acetonitrile with high miscibility in both extraction 
phase and aqueous phase. When the mixture of extraction phase and disperser is injected 
into an aqueous sample containing the analytes of interest, fine droplets of the extraction 
solvent are formed. The equilibrium is reached quickly due to the large surface area 
between extraction solvent and aqueous sample. The mixture is then centrifuged and the 
fine droplets settle at the bottom of the conical tube. The lower phase is collected and 
injected into GC or HPLC for analysis. DLLME was employed in the determination of 
heterocyclic insecticides [65], triazine herbicides [66], chloramphenicol and 
thiamphenicol [67], OPPs [68], pesticide residues [69], CBs [70], phthalate ethers [71] 
and phenols [72].  
 
Recently, Regueiro et al. introduced a modification to the DLLME approach named 
sonication-assisted emulsification microextraction (SAEME) [58]. Sonication is a 
powerful tool to facilitate the emulsification phenomenon and accelerate mass transfer 
between the extraction phase and aqueous phase. Thus, higher extraction efficiency could 
be achieved in a short time [74,75]. The combination of DLLME and sonication provides 
an efficient preconcentration approach in the determination of analytes at trace levels.  
 
1.2.4 Ionic liquid (IL) based LPME 
The selection of an appropriate extraction solvent is of major importance in LPME. The 
general principle for the choice of an organic solvent is “like dissolves like”, although it 
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is advisable to take into account the physical properties of the organic solvent according 
to the microextraction method. Organic solvents are the most used extraction phase for 
these extraction methods, such as toluene, 1-octanol and undecane [76-78]. 
 
For HF-LPME, the selected solvent should have a low solubility in water (a) to reduce its 
dissolution in the water sample, low volatility to reduce its evaporation, (b) have a 
polarity matching that of the hollow fiber in order to immobilize in the pores of fiber, and 
(c) have a reasonably higher solublilization capability for the analyte in the organic phase 
than in the donor phase. In conventional DLLME, the extraction phase should normally 
have higher density than water and low solubility in water.  
 
ILs are low-melting salts containing organic cations and anions. They have high thermal 
and chemical stability, negligible vapor pressures, are non-flammable, and have strong 
solubilization power. Furthermore, their polarity, hydrophobicity, viscosity and other 
chemical and physical properties may be tuned by choosing the appropriate combination 
of the cationic or the anionic constituent. ILs have been considered as green solvent (on 
the basis of their being non-organic although they may be toxic otherwise) and applied in 
various fields, such as organic synthesis, green chemistry and analytical chemistry 
[79,80]. As far as extraction is concerned, the replacement of organic solvents by IL in 
different extraction processes can be considered as a „„hot‟‟ research topic. The 
immiscibility of some ILs with water as well as the high solubility of organic species in 




A major disadvantage of IL as extraction solvent is that they contaminate sample inlets 
and columns resulting in distorted chromatograms when GC is used for the determination 
step. In order to circumvent this problem, a novel sample inlet with a removable insert 
was developed for the direct injection of IL to GC for the detection of volatile analytes 
[83]. More generally, reversed-phase LC is used for the analysis of IL extracts. IL is 
compatible with columns and aqueous organic mobile phases used in reversed-phase LC. 
 
1.3 Sorbent phase-based microextraction (SPBME) 
SPBME is usually employed for isolation and preconcentration of analytes from aqueous 
samples. The vast range of commercially available materials and those prepared in-house 
and the different configurations in which they can be performed have resulted in a huge 
number of studies on the topic.  
 
1.3.1 Solid phase microextraction (SPME) 
SPME was originally developed by Pawliszyn in the early 1990s [84]. It uses a fused 
silica or a stainless steel fiber coated with an appropriate sorbent (5-100 μm) mounted to 
a syringe needle. The extraction process is based on establishment of an equilibrium state 
between the analytes and the coated fiber. The fraction of analytes extracted increases as 
the ratio of the coated volume to the sample volume increases.  
 
SPME is generally used in combination with GC. Since thermal desorption is the main 
means of removing the analytes from the sorbent for analysis. It is employed for analysis 
of a vast of compounds, especially for volatile and semi-volatile organic compounds from 
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environmental samples [85-87]. SPME can be used for the direct extraction of analytes 
from gaseous and liquid media by exposing the fiber to flow samples directly [11,88]. It 
also can be used indirectly for analyzing the composition of the liquid and solid samples 
by extracting the analytes from the headspace above them [89,90]. SPME is easy in 
operation, which consumes little solvent and combines of sampling and extraction into 
one step. In addition, it is easily automated to allow high-throughput analysis and does 
not encounter the plugging or channeling problems that SPE suffers [91,92]. SPME 
covers a wide range of sampling techniques, including field [93-94], in situ [95-97] and 
air sampling [98].  
 
Drawbacks associated with SPME are mainly related to the extraction phase and the 
desorption process. One inherent disadvantage of SPME is the carry-over problem which 
leads to laborious quantitative work [99]. Other disadvantages include batch to batch 
variations, limited commercially available fiber coatings (polydimethylsiloxane (PDMS), 
divinylbenzene (DB), polyacrylate (PA), carboxen (CAR) and Carboxen (CW)), 
relatively high cost and limited lifetime of the fiber for some applications, particularly in 
direct immersion SPME [14]. Nevertheless, it is clear that few microextraction 
techniques have proven to be as versatile and universal as SPME.  
 
1.3.2 In-tube SPME  
An alternative to a coated fiber is an internally coated capillary, or the sorbent is 
contained in a capillary as packed particles or monolithic materials, termed in-tube SPME, 
reported by Eisert et al. in 1997 [100]. Analytes in aqueous samples are directly extracted 
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and concentrated into the stationary phase of a GC capillary column by repeated 
draw/eject cycles of the sample solution, followed by desorption either by mobile phase 
flow or by aspirating desorption solvent from a second vial. Extraction in in-tube SPME 
is based on the distribution coefficient between the sample solution phase and the 
stationary phase [101-103]. Additionally, it allows for the convenient automation of the 
extraction process, which not only reduces the analysis time but also provides better 
accuracy, precision, and sensitivity compared with manual off-line extraction methods. 
 
1.3.3 Stir bar sorptive extraction (SBSE) 
The extraction capacity of SPME is limited since the fiber contains a relatively small 
volume of stationary phase. In order to resolve this problem, SBSE was introduced in 
1999 [104]. SBSE is a similarly solventless technique and the extraction process is based 
on the coated layer-sample equilibrium. In this technique, a magnetic stir bar is coated 
with a thick bonded adsorbent layer (PDMS) to give a large surface area of the sorbent 
phase, affording a higher ratio of the coated volume to the sample volume, hence better 
sample capacity. Magnetic stir bars of length 1 or 2 cm coated with a 0.5- or 1- mm layer 
are commercially available. The extraction capacity of SBSE is 50-250 times greater than 
fiber-based SPME. At present, only PDMS-coated stir bars are commercially available. 
Thus, one main drawback of SBSE is polar compounds are poorly extracted since PDMS 
is a non-polar polymer [105].  
 
1.3.4 Microextraction in a packed syringe (MEPS) 
MEPS is a relatively new miniaturized SPE that can be connected online to GC or LC 
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without any modifications, it was developed by Abdel-Rehim [106]. In MEPS, 
approximately 1-2 mg of sorbent is either inserted into the syringe (100-250 μl) barrel as 
a plug or between the needle and the barrel as a cartridge. The analytes are absorbed to 
the solid phase when the sample passes through the solid phase, then eluted with an 
organic solvent or LC mobile phase. MEPS sorbent can be reused more than 120 times 
without any loss of extraction efficiency for water and urine samples and 100 times for 
plasma samples [107-114]. MEPS can be fully automated, combing extraction and 
injection steps as an online sampling device by the same syringe. It is a promising 
approach to reduce time and labor effort in sample preparation and analysis.  
 
1.3.5 Micro solid-phase-extraction (μ-SPE) 
1.3.5.1 μ-SPE 
In order to further develop the extraction techniques, Lee et al. reported the first instance 
of μ-SPE [115]. It is based on the packing of sorbent in a sealed porous membrane 
envelope (2 cm × 1.5 cm). The μ-SPE device consists of the sorbent materials enclosed 
within a polypropylene flat-sheet membrane envelope. Since the porous membrane 
afforded protection of the sorbent, no further cleanup of the extract is required. 
Furthermore, consumption of solvent in the extraction is much less compared to 
conventional SPE. μ-SPE was found to be a suitable candidate to partially address the 
limitations of SPME, including fiber fragility, unsuitability for complex matrices (direct 
immersion SPME mode), cost and problems with analyte carryover. It has been used for 
the analysis of acidic drugs [116], aldehydes [117], persistent organic pollutants (POPs) 




An important trend in the fundamental research on μ-SPE is related to the development of 
new sorbents. Depending on the target analytes and samples, the main goals of searching 
for novel sorbents are: higher selectivity and specificity for specific analytes, better 
sorptive and adsorptive capacity to obtain better sensitivities, as well as enhanced thermal, 
chemical or mechanical stability. 
 
1.3.5.2 Materials applicable to μ-SPE 
1.3.5.2-1 Silica-based sorbents 
Alkyl-functionalized silicas are used as extraction sorbent in μ-SPE, such as C18, C8 and 
C2. C18 has a silica surface covered with linear octylsilyl chains, akin to bristles of a brush, 
therefore affording a larger surface area and higher electrostatic interaction with target 
analytes. Additionally, unreacted silanol groups of the silica phase act as hydrogen-
bonding motifs, which can interact with analytes with electronegative atom, such as 
carboxyl, or hydroxyl groups. C18 also interacts with analytes via Van der Waals forces-. 
C2 showed high extraction efficiency when used for the extraction of aldehydes [117]. 
The interaction between C2 and aldehydes was strong since both of them have relatively 
short carbon chains. According to the analytes to be extracted, different silica-based 
sorbent such as C8, Hayesep-A and Hayesep-B can be used as sorbent in μ-SPE.  
 
1.3.5.2-2  Hybrid materials  
Materials containing two or more integrating components which combine at the 
molecular and nanometer level are termed as hybrid materials. They are specially tailored 
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to give desirable properties for a wide range of applications. The properties of hybrid 
materials may be a linear combination of the properties of the individual components or 
entirely new properties not observable in the materials individually. 
 
Lee et al. trapped hydrazone ligands in a silica sol-gel network, which was applied to μ-
SPE of deactivated biogenic amines [119]. The analytes were extracted from an aqueous 
phase to the sorbent, and were then desorbed using acetonitrile via sonication. The 
enhanced π-π interaction between the sorbent contained aromatic-based ligands and the 
analytes improved the extraction performance. High enrichment factors ranging between 
96 and 460 were obtained using this hybrid material.  
 
1.3.5.2-3 Carbonaceous materials  
Carbonaceous materials have been widely employed as sorbents. They have high surface 
area with a uniform pore structure, leading to high extraction capacity. Moreover, they are 
geometrically stable and inert in common organic solvents and extreme pH conditions. 
Nano-structured materials such as nanoparticals, nanowires and nanotubes have become 
the subject of intensive investigation since their discovery [123]. Among these new 
nanomaterials, carbon nanotubes (CNTs) are at the foremost of interest. It was first 
described by Iijima in 1991 [123]. CNTs can be classified into single-walled (SW)CNTs 
or multiwalled (WM)CNTs based on the principle of hybridized carbon atom layers in the 
walls of CNTs. The typical diameters of SWCNTs range from 0.4 nm to 3 nm and 1.4 nm 




CNTs are relatively non-porous, which eliminates the mass transfer resistance related to 
the diffusion into the pore. The large specific capacity comes from the nano-scale size of 
CNTs, while fast desorption is facilitated by reduced diffusion resistance. In addition, the 
surface of CNTs is made up of hexagonal arrays of carbon atoms in graphene sheets. As a 
result, analytes can be held on the surface by Van der Waals-type forces. The oxidation of 
carbon surface can introduce a large number of oxygen-containing polar functional 
groups, such as, -COOH, -OH, -NO2, and -HSO3, which increase the ion-exchange and 
hydrogen bonding capability of the CNTs [124-126], which have been demonstrated as 
effective extraction sorbents [127-135]. 
 
Long and Yang reported that MWCNTs were an ideal sorbent for dioxin removal since 
the two benzene rings of dioxin were strongly adsorbed on MWCNTs [136]. 
Subsequently, those materials as SPE sorbents have enjoyed wide attention. The dioxin 
recoveries using this kind of SPE sorbents were comparable with those of commercial 
sorbents such as C18 and C8. CNTs have been successfully used as SPE sorbents for the 
extraction of pesticides [137-139], drugs [140,141], phthalate esters [142] and phenolic 
compounds [143,144]. Recently, SWNTs were functionalized with a hydroxyl-terminated 
silicone oil (SWNTs-TSO-OH), and used as precursor and stationary phase to prepare the 
sol-gel derived poly(SWNTs-TSO-OH) SPME fiber to extract polybrominated diphenyl 
ethers (PBDEs) in water samples [145]. The SPME fiber showed higher extraction 
efficiency for PBDEs, better thermal stability and longer lifetime compared to 
commercial SPME fibers. MWCNTs have been used as sorbent for the μ-SPE of OPPs 
[115] and PAHs [120]. The π-π electrostatic interaction with the analytes and the large 
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surface area of MWCNTs facilitated the adsorption of analytes, with good selectivity and 
repeatability.  
 
Xu and Lee employed graphite fiber as the extraction sorbents in μ-SPE for PAHs. A fiber 
contains at least of 92% by weight of carbon in a material was termed as carbon fiber. 
The proportion of graphite in a carbon fiber can range from 0 to 100%. In their work, a 
fiber containing 99.5% graphite was employed for μ-SPE. The cylindrical shape of the 
fiber allows analytes to be adsorbed faster, thus accelerating the adsorption (and 
desorption) processes [146]. Besides, these fibers are economical to procure and were 
more facilely handled compared to CNTs. 
 
1.4 Objective and scope of the study 
Microextraction has emerged as an important method of sample preparation in the past 20 
years, that is simple, fast and cost-effective. It is still evolving, and further development 
and investigation of its applicability in trace organic pollutants analysis of environmental 
samples are required. 
 
The main objective of the work presented in this thesis was to develop and apply 
environmental friendly solvents, ILs based LPME and zeolite imidazolate frameworks 
(ZIFs) based µ-SPE combined with chromatography for the analysis of trace analytes 
from environmental water samples.  
 
In Section 2 of this thesis, a new type of IL, 1-hexyl-3-methylimidazolium 
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tris(pentafluoroethyl)trifluorophosphate ([HMIM][FAP]), was introduced for LPME. The 
new IL shows excellent hydrolytic, thermal and electrochemical stability. One of its most 
peculiar properties is its ultra-hydrophobic nature. It was found that the water uptake of 
this ILs was more than 10 times less than that of ILs with the hexafluorophosphate anion 
[PF6
-
]. [HMIM][FAP] based two-phase HF-LPME and ultrasound-assisted emulsification 
microextraction (USAEME) of ultraviolet (UV) filters in environmental water samples 
were developed as part of thesis work to exploit the extraction capability of this IL.   
 
In Section 3 of this thesis, a subclass of metal organic frameworks (MOFs), zeolite 
imidazolate frameworks (ZIFs) were synthesized and characterized, affording high 
extraction selectivity and efficiency. ZIFs have permanent porosity, high surface area, 
hydrophobic property, open metal sites and remarkable water stability. These novel 
properties characterize the materials as being different from other moisture sensitive 
MOFs and endow ZIFs with the potential to extract trace analytes from environmental 
water samples.  
 
In Chapter 3, a particular form of ZIFs, ZIF-8, was synthesized and applied to µ-SPE of 
PAHs from environmental water samples. In order to increase the throughput of sample 
preparation (in Chapter 4), a new technique is introduced in the present study, based on 
combined sonication-assisted emulsification microextraction (SAEME) with vortex-
assisted μ-SPE (SAE-VA-μ-SPE) as a new sample preparation technique. Further 
reduction in the use of organic solvent in SAE-VA-μ-SPE and expansion of the use of 
other ZIFs are reported in Chapter 5. Here, IL-DLLME combined with μ-SPE (IL-
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DLLME-μ-SPE), and HPLC was developed for the determination of tricyclic 
antidepressants (TCAs) in water samples. ZIF-4 was employed as extraction sorbent for 











































































































































Organic solvents are widely used as extraction solvents for LPME [35-45]. Compared to 
organic solvents, ILs possess higher viscosity and surface tension, which enable ILs to 
form larger and more stable microdroplets in SDME [83, 148]. As tunable solvents, ILs 
can be designed to be hydrophobic, which makes all kinds of LPME modes applicable 
according to the property of the sample [149]. Furthermore, some ILs show high 
solubility for organic species which provide them high sensitivity and selectivity [150-
152]. ILs containing the hexafluorophosphate (PF6
-
) anion have been applied as 
extraction solvent in LPME [152-159].  
 
Jiang and coworkers used PF6
-
 based ILs as extraction solvents for SDME of PAHs. It 
was found that DI-SDME provided better extraction efficiency than headspace SDME for 
low-volatile PAHs [149]. PF6
-
 based ILs were used for headspace SDME to extract trace 
level of CBs [148], phenols [159], and dichlorodiphenyltrichloroethane and its 
metabolites [152] with high sensitivity from water samples. 
 
ILs used as supporting phase of three-phase HF-LPME has been reported. 1-Octyl-3-
methylimidazolium hexafluorophosphate ([C8MIM][ PF6]) was immobilized in the pores 
of a polypropylene HF for three-phase HF-LPME of chlorophenols from environmental 
water samples [156]. Analytes were extracted from aqueous phase into IL-based 
membranes and further into the acceptor phase with 10 µl sodium hydroxide solution. 
The limits of detection (LODs) were at µg/L level for four studied chlorophenol. IL was 
immobilized in the pores of supported with high stability at mild stirring conditions. 
When toluene was employed as acceptor phase, IL based three-phase HF-LPME was 
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combined with GC-MS for the analysis of aliphatic and aromatic hydrocarbons with ng/L 
level LODs [59]. Compared to two-phase HF-LPME with only organic solvent employed, 
the developed method exhibited better extraction performance [59].  
 
Using ILs as DLLME has attracted more and more attention. Using organic solvents such 
as methanol or acetone as dispersion solvent to aid ILs in the formation of the turbid 
solution is the most widely used DLLME method. It has been applied for the analysis of 
pesticides [153], hetertocyclic insecticides [50] and phthalate esters [154]. As the water 
solubility of some ILs strongly depends on temperature, the mixture of an IL with water 
forms two phases at lower temperature and a homogenous phase at high temperature. 
Based on this phenomenon of ILs, temperature controlled IL-DLLME is one of the 
widely used IL-DLLME method. Heating is applied in this method to aid in the 
dispersion of ILs into the aqueous phase, and the IL is collected by simply cooling after 
extraction. It has been applied to the extraction of pesticides [150], mercury [151] and 
vanadium species [64]. To reduce time and organic usage, ultrasound has also been 
applied to dispersion of IL extraction solvent. Ionic liquid was dispersed into the aqueous 
solution as fine droplets by ultrasonication, and which promote the analytes more easily 
migrate into the ionic liquid phase. When the method was used for the determination of 
aromatic amines, it has been found to have excellent detection sensitivity with LODs in 




 are hydrolytically unstable and tend to partially dissolve in 
theaqueous solution with increasing extraction time or sample volume [149]. A 
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microdroplet volume of 1 µl [BMIM]PF6] was completely dissolved after 5 min of 
immersion into an aqueous solution [149]. In order to decrease the solubility of IL 
microdroplet, ILs containing longer alkyl substitute on the cation, such as 1-octyl-3-
methylimidazolium hexafluorophosphate has been used to SDME, however, partial 
dissolution of ILs into aqueous solution after 30 min extraction was also observed [160]. 
In an effect to improve the application of IL based LPME, ILs with a more hydrophobic 
nature, as well as appropriate viscosity and surface tension should be designed. ILs 
containing perfluoroalkylfluorophosphate anions (FAP
-
) are a promising means of 




 based ILs possesses excellent 
hydrolytic, thermal, and electrochemical stability. Thermal gravimetric analysis of this 
class of ILs has found that imidazolium-based ILs decompose at temperatures above 
280 °C [158]. FAP
-
 based ILs exhibit impressively strong hydrophobic nature. It has been 
shown that the water uptake of these ILs is much less than that of ILs containing the 
bis[(trifluoromethhyl) sulfonyl]imide (NTf2
-
) anion and more than 10 times less than that 
of ILs consisting of the PF6
-
 anion [157].  FAP
-
 based ILs as extraction solvent for DI-
SDME of PAHs was investigated [157]. It was found that these ILs can be used in the 
sampling of large volumes of aqueous solutions without dissolution or loss of the IL. 
LODs ranged from 0.03 to 1.2 µg/L were obtained. To our knowledge, the applicability of 
FAP
-
 based ILs as solvents for extraction of UV filters has yet to be investigated. In 































Chapter 2. Ionic liquid based hollow fiber liquid phase microextraction of UV filters 
 
2.1 Introduction  
Currently, UV filters are applied to sunscreen, cosmetics and other personal care products 
in order to filter UV-A and UV-B radiation from sunlight. There are two types of UV 
filters, organic UV filters, which work by absorbing UV filters, and inorganic UV filters 
(TiO2, ZnO), which work by reflecting and scattering UV light. In the European Union, 
28 UV filters [161] and in Switzerland 30 UV filters (29 organic, 1 inorganic) [162] are 
allowed in cosmetics. The amounts of UV filters integrated in many cosmetic 
formulations are between 0.1% and 10%.   
  
UV filters enter the environment by different ways due to their various applications. It 
has been found that some of the UV filters are introduced to surface waters (rivers, lakes, 
and coastal seawaters) via release from the skin during swimming and bathing [163-165]. 
Besides this, indirect input (e.g. rubbed off with towels, washed off during showering, 
etc.) via wastewater treatment plants (WWTPs) is possible. Finally, the lipophilic 
character of the UV filters has also led to bioaccumulation in fish [166], marine 
sediments [167], and soils [168].  
  
A few recent studies have shown that some UV filters are hormonally active (estrogenic, 
antiestrogenic, androgenic and antiandrogenic) in vitro and in vivo. Estrogenic effects 
were demonstrated with the yeast estrogen screen (YES) assay for up to 10 UV filters 
[169,170]. However, their possible effect on the environment is still quite unknown. The 
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development of sensitive analytical methods to assess the pollution of water by UV filters 
are therefore required. 
 
UV filters in the aqueous environment have been mainly determined by GC mass 
spectrometry (GC-MS) [171], HPLC-UV [172,173] and LC-MS-MS [174] after proper 
sample pretreatment. Sample preparation methods such as LLE [175] and solid phase 
extraction SPE [176-178], have been developed for the preconcentration of UV filters. 
LLE, particular, can be tedious, labor-intensive and time-consuming, and consume large 
quantities of potentially toxic and expensive high-purity solvents. SPE has been a good 
alternative to LLE, and uses much less solvent than LLE. Although extra steps of 
concentrating the extract down to a small volume are required, it is still a leading 
extraction technology. When conducted manually, SPE may also be tedious and time-
consuming, although there are commercially available automated systems. Alternatively, 
SDME, SPME [179] and SBSE [171] have been proposed for the extraction of UV filters. 
Other promising methods to reduce solvent, time and labor are HF-LPME and DLLME.  
 
HF-LPME is a simple and solvent-minimized technique in which a hollow fiber, 
containing extraction solvent, is affixed to the tip of the syringe needle for the extraction 
of analytes from an aqueous sample. Upon completion of extraction, the extraction 
solvent is withdrawn into the syringe and injected into a GC or a GC-MS system for 
analysis. DLLME was introduced by Rezaee et al [49-52]. It is based on an appropriate 
mixture of a water-immiscible organic solvent and a water-miscible dispersive solvent, 
which is injected rapidly into an aqueous sample solution. The mixture forms an 
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emulsion (cloudy state) containing fine droplets of extraction solvent dispersed into the 
bulk water and water immiscible solvent solution. Rapid extraction then takes place. The 
extract is collected by centrifugation after the completion of extraction, followed by GC 
or LC for analysis.  
 
In this Chapter, a new IL, [HMIM][FAP] was applied to the HF-LPME (IL-HF-LPME) 
and USAEME of several UV filters from aqueous samples for the first time. Extraction 
parameters for IL-HF-LPME including stirring rate, pH of aqueous samples, salt 
concentration and extraction time were optimized.   
  
The influence of extraction parameters for USAEME including types of extraction ILs, 
the pH and salt concentration of aqueous samples, ultrasonic time and extraction volume 





) matrix. OAD is a straight-forward and cost-effective approach in which 
many parameters could be simultaneously examined with the least number of 
experiments (32 experiments were done for the optimization step in the present study, 
which is a small number compared to a stepwise optimization method). Data could be 
easily processed by the commercial and widely-used Excel software. Based on the results 
obtained from the first step, [HMIM][FAP] was chosen as extraction solvent, and 
extraction volume, ultrasonic time and salt concentration were further optimized by an 
OA16 (4
5
) matrix. Under the optimum conditions, the proposed procedures were applied 




2.2 Experimental  
2.2.1 Materials and chemicals 
Benzophenone (99%) (BP), 3-(4-methylbenzylidene)-camphor (99+%) (4-MBC), 2-
hydroxy-4-methoxybenzophenone (98+%) (BP-3) and 2,4-dihydroxybenzophenone (99%) 
(DHB) were obtained from Alfa Aesar (Heysham, England). Their structures and relevant 
physico-chemical properties are given in Table 2-1. The ILs used in this study, 
[HMIM][FAP] and 1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl) 
trifluorophosphate ([BMPL][FAP]) were provided by Merck (Darmstadt, Germany), 1-
butyl-3-methylimidazolium phosphate ([BMIM][PO4]) and 1-butyl-3-methylimidazolium 
hexafluorophosphate ([BMIM][PF6]) were purchased from Strem Chemicals 
(Newburyport, MA, USA). All solvents used were of HPLC grade. Methanol and acetone 
were obtained from Merck and ethanol was purchased from Fisher (Loughborough, UK). 
Sodium chloride (NaCl) was obtained from GCE (ChulaVista, CA, USA). Ultrapure 
water was obtained from a Milli-Q water purification system (Millipore, Billerica, MA, 
USA). 
 
Accurel Q3/2 polypropylene hollow fiber membrane with an inner diameter of 600 μm, 
wall thickness of 200 μm and wall pore size of 0.2 μm was purchased from Membrana 
(Wuppertal, Germany).  
 
Individual stock solutions of 1000 μg/ml of each pure UV filters were prepared in 
methanol and stored at 4°C. Working solutions containing all of the UV filters at different 
concentrations were prepared by spiking them into ultrapure water. Working solutions at 
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the concentration of 1 μg/ml were used for the optimization experiments. Environmental 
water samples were collected from the Singapore River. 
 
Table 2-1 Structures and some relevant physico-chemical properties of analytes 


































Chromatographic analyses were performed on a Waters (Milford, MA, USA) HPLC 
system with a Rheodyne (Cotati, CA, USA) 77251 injector equipped with a 20 μl sample 
loop, a Degasys DG-2410 vacuum degasser, a waters 1525μ binary HPLC pump and a 
Waters 2487 dual λ absorbance detector. Data acquisition and processing were 
accomplished by Empower version 5.0 (Waters) data analysis software.  
 
Chromatographic separation was based on a Metaphase KR100-5-C18 (Bioscience, Kuala 
Lumpur, Malaysia) column (25 cm × 4.6 mm i.d., packed with 5 μm particle size C18 
stationary phase). The mobile phase used consisted of ethanol : 1% acetic acid 60:40 (v/v) 




2.2.3 Extraction procedures 
2.2.3.1 IL-HF-LPME  
Briefly, IL-HF-LPME was performed as follows: prior to extraction, the hollow fiber was 
cut manually into 2.8 cm lengths and one end of it was heat sealed. In order to eliminate 
blank contamination, these segments were cleaned in acetone and methanol separately by 
sonication for 10 min and dried in air before use. A 10 ml volume of sample solution was 
added to a 15 ml sample vial with a 15 mm × 6 mm magnetic stirring bar. The sample 
vial was placed on a MR3001K magnetic stirrer plate (Heidolph, Kelheim, Germany). A 
7.0 μl aliquot of IL was withdrawn into a 25-μl microsyringe with a flat needle tip. A 15 
ml sample vial septum cap was pierced by the microsyringe. The needle tip was inserted 
into a hollow fiber and then the fiber was immersed in IL for 5 s for impregnation of the 
porous wall. Subsequently the IL contained in the microsyringe was injected into the 
hollow fiber, after which the latter was immersed in the sample immediately for 
extraction. The sample vial was capped during extraction. After extraction, the hollow 
fiber with microsyringe was removed from the sample solution. The extracted solution 
was withdrawn into the microsyringe and injected directly into HPLC-UV system for 




A 1.5 ml aqueous sample solution was placed in a conical-bottomed test tube and 
adjusted to pH 3 using 0.1 mol/L HCl. Sixty microliters of ILs was then injected into the 
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sample solution using a 100 μL HPLC flat-tipped syringe, and then sonicated for 12 min 
toform an emulsion. Sonication was conducted by using an ultrasonicwater bath 
(Soniclean, Thebarton, SA, Australia) working at 50-60 HZ with maximum output power 
of 270 W at room temperature (~24°C).After centrifugation at 6000 rpm for 3 min to 
collect the IL, 20 μL of the IL was injected into the HPLC system for analysis. 
 
2.2.4 Blank contamination   
Contamination is a common problem in UV filter analysis, since these substances are 
widely used in many cosmetics and personal care product such as sunscreens, soaps and 
shampoos. These compounds could contaminate glassware during sample preparation 
processing. In order to minimize these contaminations, some precautions needed to be 
taken. Thus, surgical gloves were worn during sample preparation and scrupulously clean 
glassware was used. All glassware was rinsed three times each with acetone, methanol 
and ultrapure water after use and once again immediately before use to eliminate sample 
contamination.  
 
2.2.5 Optimization strategy for USAEME 
For the present study, OAD experimental designs were employed to screen the IL-
USAEME parameters. The following variables or factors were selected: (1) different 
types of extraction ILs, (2) pH of the sample solution, (3) ultrasonic time, (4) extraction 
solvent volume and (5) salt concentration. The absolute recovery (defined as extracted 
amount/total amount in the sample, R%=CILVIL/CaqVaq × 100, where CIL, VIL, Caq, Vaq 
are the analyte concentration in IL after extraction, the volume of the IL collected after 
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extraction, the initial analyte concentration in the aqueous samples, and the volume of the 
aqueous sample respectively) was calculated and used as a response function. In the first 





) matrix. The main variables and their level setting values are shown in 
Table 2-4. The average absolute recovery (r1, r2, r3, r4) for each factor at different levels 
was calculated. Direct observation analysis, was applied and the mean value difference (d, 
the higher the d value is, the more significance of a variable for the analytical process), 
the range between the maximum and the minimum values of r was determined.  
 
However, the superiority level might not be optimal for one variable. Thus, a multiple-
level design (OA16 (4
5
) in the present study) was used for further optimization (the used 
values for the levels setting should be around the superiority level from the initial 
optimization) of the significant quantitative factors (volume of ionic liquid, ultrasonic 
time and salt concentration). The assignments of factors and levels using an OA16 (4
5
) 
matrix are illustrated in Table 2-6. ANOVA (analysis of variance) was employed to 
estimate the performance of the OAD. The effects of the factors on the response function 
can be evaluated by percentage contribution (PC)%.  
 
2.3 Results and discussion 
2.3.1 IL-HF-LPME of UV filters 
In order to quantitatively assess and compare the performance of individual extractions, 
the enrichment factor (EF) was used. The EF is defined as the ratio of the analyte 
concentration in the extraction solvent after extraction and the initial analyte 
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concentration in the aqueous sample solution. Due to the high viscosity of IL, only 
around 4-5 μl of IL could be withdrawn into the microsyringe after extraction when 7 μl 
IL used for extraction. A volume of 4 μl was used for HPLC analysis directly since it was 
completely soluble in the mobile phase. 
 
2.3.1.1 Effect of IL solvents 
The selection of an appropriate extraction solvent is very important for IL-HF-LPME. 
Organic solvents such as toluene, n-nonane, and isooctane are commonly used in HF-
LPME. Here, both the wall pores of the hollow fiber membrane and the channel were 
filled with the organic solvent. In this work, ILs were used instead. The involved ILs are 
water immiscible and have good solubility for many organic solvent. Figure 2-1 clearly 
shows that higher EFs were achieved using [HMIM][FAP] when compared with the other 
ILs, making it the IL of choice for subsequent experiments. The result was in good 
agreement with a previous work [127], which reported that higher enrichment factor were 
obtained with [HMIM][FAP] for analytes with more polar molecules.   
 
 
Figure 2-1 Effect of different ionic liquid on HF-LPME efficiency. Spiking concentration: 
1 μg/ml for individual analyte; pH of sample solution: 2.5; stirring rate: 400 rpm, 




2.3.1.2 Effect of different pH of the aqueous phase 
The effect of pH of the sample solution on IL-HF-LPME was studied. As the results show 
in Figure 2-2, BP and 4-MBC showed almost no significant difference in terms of EF 
when the pH was varied between 1 and 11 (pH 1, 3, 6, 8, and 11), not surprisingly since 
these compounds are relatively neutral and hydrophobic. Better EFs of BP-3 and DHB 
were observed at pH 3. The pKa value of BP-3 and DHB are 7.56 and 7.53. Thus, acidic 
pH values favor the extraction due to the reduction of their ionic states. At higher pH 
values, hydrolysis conceivably caused a deterioration in extraction. A pH of 3 was 
enough to maintain all analytes in their unionized forms. Therefore, a pH value of 3 was 
adopted for further experiments.  
 
 
Figure 2-2 Effect of pH of aqueous phase on IL-HF-LPME efficiency. Spiking 
concentration: 1 μg/ml for individual analyte; extraction solvent: [HMIM][FAP]; 
extraction time: 20 min; stirring rate: 400 rpm. 
 
2.3.1.3 Effect of stirring rate 
The effect of stirring rate on EFs was obtained over a range of 200 rpm to the maximum 
of 1000 rpm (200, 400, 700, 1000 rpm). Figure 2-3 shows that for the four UV filters, 400 
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rpm was appropriate to obtain the highest EF. Higher stirring rate than 400 rpm resulted 
in air entering the solution and the formation of air bubbles that were attached to the 
surface of the hollow fiber that might occupy contact sites on the surface, thus impeding 




Figure 2-3 Effect of stirring rate on IL-HF-LPME efficiency. Spiking concentration: 1 
μg/ml for individual analyte; extraction solvent: [HMIM][FAP]; extraction time: 20 min; 
pH of aqueous samples: 3. 
 
 
2.3.1.4 Effect of extraction time 
IL-HF-LPME is an equilibrium extraction process. Figure 2-4 shows the time profiles 
from 20 to 60 min at 10 min intervals. All of the EFs increased with increase in extraction 
time up to 50 min, but a decrease thereafter. The deterioration in extraction after 50 min 
may be attributed to the partitioning of water into the IL, which reduced the mass transfer 
of the analytes into the IL. Based on this observation, the optimum extraction time was 





Figure 2-4 Effect of extraction time on IL-HF-LPME. Spiking concentration: 1 μg/ml for 
individual analyte; extraction solvent: [HMIM][FAP]; stirring rate: 400 rpm; pH of 
aqueous samples: 3. 
 
2.3.1.5 Effect of salt concentration 
The addition of salt (NaCl) to the sample solution leads to a decrease of solubility of the 
analytes in solution, and improves the extraction efficiency. The influence of salt on the 
extraction of IL-HF-LPME was adjusted by addition of NaCl from 0 (w/v) to 40% at 
intervals of 10% to exploit the salting-out effect. The experiment results (Figure 2-5) 
indicated that the optimum salt concentration in the present study was between 15% and 
20% (w/v). Beyond 20%, the increased viscosity of the sample solution conceivably 
inhibited the extraction by retarding the mass transfer of the analytes. Since 3 of the 
analytes showed better extraction at 20% NaCl, this value was adopted as the most 






Figure 2-5 Effect of salt concentration on IL-HF-LPME extraction efficiency. Spiking 
concentration: 1 μg/ml for individual analyte; extraction solvent: [HMIM][FAP]; stirring 
rate: 400 rpm; pH of aqueous samples: 3. 
 
2.3.1.6 Method validation and application 
Under the optimum extraction conditions, repeatability, linearity and limits of detection 
(LODs) were measured under the described extraction conditions using spiked ultrapure 
water samples, and the results are given in Table 2-2. The linearity of calibration plots 
was investigated at the concentrations of between 0.005 (0.01 for DHB) and 1 µg/ml. All 
analytes exhibited good linearity with correlation coefficients (r) of 0.993 or better. The 
LODs were calculated at a signal-to-noise (S/N) ratio of 3; they were in the range of 0.2 
and 0.5 ng/ml. Previous work [180,181] has shown that the common levels for the four 
investigated UV filters were about 0.4-2.5 ng/ml (except for one BP-3 concentration that 
was lower than these values) in real water samples, which were higher than the LODs of 
the present work. Therefore, the developed method can be applied to routine analysis of 
real water samples. The repeatability of the analytical performance, expressed as relative 
standard deviations (RSDs), was calculated for five replicates of sample containing the 
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analytes at 5ng/ml. These were<8.2%. EFs ranging from 25 to 221 were obtained for 
these analytes. The obtained EFs were higher than those reported in previous 
microextraction work (except for DHB), where IL-SDME [183] or a DLLME [184] were 
the techniques applied. 
 














EF   ER% 











  DHB 10-1000 0.995 0.5±0.04 8.2 25±1    1.0 101 - 
BP 5-1000 0.997 0.2±0.006 3.4 221±4   8.9 85 - 
BP-3 5-1000 0.996 0.2±0.002 1.1 216±10  8.6 107 98 
4-MBC 5-1000 0.993 0.3±0.012 3.5 205±11  8.2 - 48 
 
 
In order to check the applicability of IL-HF-LPME, the method was applied to tap water 
and river water samples. The water samples were subjected to IL-HF-LPME without 
filtration. There were, however, no target analytes detected, indicating the absence of 
these compounds, or they were below the LODs. Nevertheless, the proposed method was 
evaluated by means of relative recovery (defined as the ratio of peak areas of the spiked 
real water extracts to spiked ultrapure water extracts) experiments at concentration levels 
of 5 ng/ml and 25 ng/ml. Figure 2-6 shows a chromatogram of an extract of a spiked river 
water sample (25 ng/ml of each analyte). For all sample solutions at different 
concentrations, three replicate extractions were conducted. Table 2-3 show that the 
relative recoveries varied between 82.6% and 105.9% and RSDs (n=3) were in the range 
of 1.1% to 8.4%. For each analyte, the recoveries did not differ significantly when the 
extraction was carried out in a more complex matrix (i.e. river water). These results 
indicated that the proposed method was tolerant of matrices generally representative of 
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environmental water samples.   
 
 
Figure 2-6 HPLC of extract of spiked river water sample (25 ng/ml of each analyte) 
under the most favorable extraction conditions (see text). Peaks: 1: [HMIM][FAP]; 2: 
DHB; 3: BP; 4: BP-3; 5: 4-MBC. HPLC conditions: injection volume, 20 μl; mobile 
phase, ethanol : 1% acetic acid 60:40 (v/v); flow rate: 1 ml/min, detection wavelength, 
289 nm. 
 
Table 2-3 Relative recoveries and precision of IL-HF-LPME of tap water and river water 
spiked with UV filters at different concentration (5 ng/ml and 25 ng/ml) (n=3) 
Analytes 5 ng/ml  25 ng/ml  5 ng/ml  25 ng/ml  
 Recovery% RSD% Recovery% RSD% Recovery% RSD% Recovery% RSD% 
DHB 102.7 3.3 82.6 8.4 101.9 5.2 95.2 1.9 
BP 96.9 4.2 89.1 7.9 101.1 6.6 96.1 5.3 
BP-3 98.1 5.7 105.9 6.5 104.9 4.2 101.5 4.8 
4-MBC 104.2 1.8 101.6 2.3 98.9 1.1 104.1 3.1 
 
2.3.2 USAEME of UV filters 
2.3.2.1 Initial experiment 
Optimization of parameters can be obtained either by the trial and error method or by a 
systematic method. Recently, OADs have been shown to be very effective systematic 
optimization approaches for analytical parameters [184,185]. The theory and 
methodology of OAD as a chemometric method for the optimization of analytical 
procedures has been described in detail elsewhere [186-189]. In the present work, the 
recovery (three replicates) of each trial as well as the average responses for individual 
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factor (r1, r2, r3, r4) at different levels were calculated and used as a response for each 
experimental trial and is shown in Table 2-5 after completing 16 experimental trials. 
Owing to dummy factors were used, in which no actual factors can be assigned, no 
repetition was necessary for the same experiment. Superiority (level at which the best 
experiment result is obtained) and inferiority (level at which the worst experiment result 
is obtained) levels of the factors were evaluated by comparing the mean value (r1, r2, r3 
and r4 for the types of extraction ILs, r1, and r2 for other factors in Table 2-5) of these 
factors at different levels. It is clear from Table 2-5 that [HMIM][FAP] was the best 
extraction IL. It also indicated that a low pH (pH 3, r1 is bigger than r2 in column 2 of 
Table 2-5), volume of IL (70 µl, r2 is bigger than r1 in column 6 of Table 2-5), an 
ultrasonic time (10 min, r2 is bigger than r1 in column 12 of Table 2-5), and the addition 
of salt (20 mg/ml, r2 is bigger than r1 in column 13 of Table 2-5) would increase 
recoveries. As the results (d) given in Table 2-5 show, the type of extraction IL played 
the most significant role in IL-USAEME. Extraction volume, ultrasonic time and salt 
concentration also had important effects on extraction efficiency. Sample pH had little 
influence on extraction efficiency compared with the other factors. 
 






A B (A×B)1 (A×B)2 (A×B)3 C (A×C)1 (A×C)2 (A×C)3 Dummy Dummy D     E 
 
[HMIM][FAP] 3 
   
30 
     
3      0 
 
[BMPL][FAP] 7 
   
70 
     
10   20 
 
[BMIM][PO4]             
[BMIM]Cl 
            
 
A. Different types of ionic liquid; B. pH of sample; C. volume of ionic liquid (µl); D. 
ultrasonic time (min); E. salt concentration (mg/ml)  
 
In the present work, new examples of ILs, FAP
-
 based ILs were evaluated. The results (r1, 
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r2, r3 and r4 values for the types of extraction ILs, r1 is the highest) given in Table 2-5 
show that, [HMIM][FAP] gave the highest recovery among the four ILs. According to 
our previous work on HF-LPME, [HMIM][FAP] exhibited a short retention time in 
reversed-phase HPLC and eluted near the column dead volume, thus having little effect 
on the separation of the organic UV filters. Therefore, [HMIM][FAP] was a suitable 
extraction solvent for USAEME, with subsequent HPLC analysis.  
 
The effect of pH on the extraction efficiency of the IL-USAEME procedure was 
investigated. Table 2-5 shows that recovery was a little higher at pH 3 compared to when 
pH was at 7. This is possibly due to the reduction or suppression of the ionic state of the 
analytes, facilitating their extraction by the IL. At higher pH values, analyte dissociation 
and hydrolysis conceivably caused a deterioration in extraction. It was therefore set at a 
value of 3 according to d (column 2 of Table 2-5) and r value (r1 is higher than r2 in 
column 2 of Table 2-5). It was concluded that it was not deserving of further optimization.  
 
According to the results shown in Table 2-5 (r1, r2, r3, r4 and d), [HMIM][FAP] was 
chosen as the extraction solvent. The sample pH was set at a value of 3. For volume of IL, 
ultrasonic time and salt concentration, more exact levels should be selected close to 
initially optimized superiority level for further optimization, and a four-level OA16 (4
5
) 











) matrix along with experimental results 
 
Column no. 
           
Response 
    
 






1 1 1 1 1 1 1 1 1 1 1 1 1 1 20.6 21.4 19.9 20.2 20.5 
2 1 1 1 1 1 2 2 2 2 2 2 2 2 80.2 88.9 93.5 103 91.4 
3 1 2 2 2 2 1 1 1 1 2 2 2 2 22.2 28.1 25.9 22.2 24.6 
4 1 2 2 2 2 2 2 2 2 1 1 1 1 37.5 42.1 41.5 52.4 43.4 
5 2 1 1 2 2 1 1 2 2 1 1 2 2 20.2 39.1 36.8 41.9 34.5 
6 2 1 1 2 2 2 2 1 1 2 2 1 1 14.3 14.7 18 18.2 16.3 
7 2 2 2 1 1 1 1 2 2 2 2 1 1 7.2 16.5 14.8 17.7 14.1 
8 2 2 2 1 1 2 2 1 1 1 1 2 2 46.5 56.7 58.6 59.2 55.3 
9 3 1 2 1 2 1 2 1 2 1 2 1 2 2 2.1 3.3 0.4 1.95 
10 3 1 2 1 2 2 1 2 1 2 1 2 1 17.1 8.4 46.5 5.7 19.4 
11 3 2 1 2 1 1 2 1 2 2 1 2 1 3.3 1.9 15.8 0.8 5.5 
12 3 2 1 2 1 2 1 2 1 1 2 1 2 11.8 3.6 30.4 3.6 12.4 
13 4 1 2 2 1 1 2 2 1 1 2 2 1 0.4 1.4 3.5 1.4 1.7 
14 4 1 2 2 1 2 1 1 2 2 1 1 2 0.3 3.7 1.6 1.6 1.8 
15 4 2 1 1 2 1 2 2 1 2 1 1 2 0.1 2.1 1.4 0.8 1.1 
16 4 2 1 1 2 2 1 1 2 1 2 2 1 0.7 2.6 4.2 1.6 2.8 
r1 44.9 23.4    
12.9 
     
13.9 15.4 
     
r2 30.1 19.8    
30.3 
     
29.3 27.9 
     




    




    
d 43.2 3.6 
   
17.4   
     
15.4 12.5 
     
 
r: average absolute recovery (r1, r2, r3, r4 for column 1, r1 and r2 for column 2, 6, 12 and 13) 
for each factor at different level 
d: mean value difference, the range between the maximum and the minimum of r values 
Column 1, different types of IL; column 2, pH of sample; column 6, volume of IL (µl); 
column 12, ultrasonic time (time); and column 13, salt concentration (mg/ml). 
 
2.3.2.2 Further optimization 
According to the results obtained from the first optimization step, [HMIM][FAP] was 
used as extraction solvent. Additionally, three important factors (IL volume, ultrasonic 
time and salt concentration) were further optimized. Therefore, an OA16 (4
5
) matrix was 
employed for this purpose. Assignment of factors and levels of screening between 




Table 2-6 Assignment of factors and level settings of the experiment runs in the OA16(4
5
) matrix 
Levels A B Dummy Dummy C 
1 50 5 
  
10 
2 60 8 
  
20 
3 80 12 
  
30 




 A. Volume of ionic liquid (µl); B. ultrasonic time (min); C. salt concentration (mg/ml). 
 
During the IL-USAEME process, the volume of extraction solvent was an essential factor 
which could affect the occurrence of the emulsion state and determine extraction 
performance. As average recoveries (r1, r2, r3 and r4 in column A) show in Table 2-7, this 
parameter increased for four analytes when the extraction volume was increased from 50 
μl to 60 μl, but decreased subsequently with further increase in the extraction volume 
from 60 μl to 90 μl. In IL-USAEME, ultrasound facilitates the complete dispersion of the 
IL complete in the aqueous phase to form an emulsion. In general, the amounts of 
analytes extracted increased significantly with increasing ultrasonic time. The average 
recoveries in Table 2-7 (r1, r2, r3 and r4 in column B) also indicate that increase in 
extraction efficiency was observed when ultrasonic time was varied from 5 min to 12 min. 
In addition, IL-USAEME extraction efficiency decreased as ultrasonic time went from 12 
min to 15 min. This is a common observation in DLLME.  
 
Adding salt generally improves extraction efficiency in conventional LPME due to the 
salting-out effect. The lower the salt concentration, the lower the average recoveries (r1, 
r2, r3 and r4 in column E of Table 2-7) are. However, the relatively higher salt 
concentration also resulted in lower average recoveries. Beyond 30 mg/ml, the increased 
viscosity of the sample solution conceivably inhibited the extraction by retarding the 
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mass transfer of the analytes. Therefore, 30 mg/ml was taken as the optimum salt 
concentration. 
 
Table 2-7 OA16 (4
5




no.     
Response 
    
 
A B C D E 4-DHB BP BP-3 4-MBC Ave 
1 1 1 1 1 1 51.3 28.5 26 29.4 33.8 
2 1 2 2 2 2 90.1 91.8 95.3 90.2 91.9 
3 1 3 3 3 3 92.8 102.3 91.5 92.5 94.8 
4 1 4 4 4 4 43.8 64.1 52 47.7 51.9 
5 2 1 2 3 4 59.7 51.8 43.2 52.4 51.8 
6 2 2 1 4 3 96.9 107.6 101.1 106 102.9 
7 2 3 4 1 2 93.8 99.7 106.9 110.6 102.9 
8 2 4 3 2 1 45.3 76.2 60.5 55 59.3 
9 3 1 3 4 2 50.2 44.8 41.3 42.8 44.8 
10 3 2 4 3 1 96 91.2 86.2 91.5 91.2 
11 3 3 1 2 4 91.2 111.4 98.9 96.9 99.6 
12 3 4 2 1 3 49.5 70.1 62.9 53.6 59.1 
13 4 1 4 2 3 44.8 52.3 46.2 42.1 46.4 
14 4 2 3 1 4 82.6 99.4 87.5 93 90.6 
15 4 3 2 4 1 92.9 104.6 94.8 96.1 97.1 
16 4 4 1 3 2 47.9 63.8 60.5 60.5 58.2 
r1 68.1 44.2   
70.4 
     r2 79.2 94.2   
74.5 
     r3 73.7 98.6   
75.8 
     r4 73.1 57.1   
73.5 
      
r: average absolute recovery (r1, r2, r3, r4) for each factor at different level 
Column 1, volume of IL (µl); column 2, ultrasonic time (min); and column 5, salt 
concentration (mg/ml). 
 
An ANOVA table with pooled errors was generated from these experimental data in order 
to assess individual sources of variation and calculate the contribution of each factor to 
response variation. The results of the sums of squares (SS) for different variables were 
calculated and are shown in Table 2-8. It can be seen that ultrasonic time and sample 
volume were statistically significant at P<0.001 while salt concentration was significant 
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at P<0.05. According to the PC% in Table 2-8, it can be concluded that the most 
significant factor contributing to the extraction efficiency for IL-USAEME was ultrasonic 
time (95.5%), followed by extraction volume (3.2%) and salt concentration (0.7%). A low 
contribution from error (0.5%) was obtained as well.  
 
Table 2-8 An ANOVA table for experimental responses in the OA16 (4
5
) matrix 
Source SS d.f. MS Fa SS' PC (%) 
Volume 0.031 3 0.010 30.51 0.029 3.2 
Ultrasonic time 0.89 3 0.29 889.65 0.89 96 
Salt concentration 0.0077 3 0.0026 7.63 0.0067 0.7 
Error 0.0020 6 0.00034 
 
0.0051 0.54 




SS = sum of squares; d.f. = degrees of freedom; MS = mean squares; Fa = critical values; 
SS‟= purified sum of squares; PC = percentage contribution.   
Critical value is 23.7 (P<0.001) and 2.11 (P<0.05). The critical F-value is 23.7 at 99.9% 
confidence, and 2.11 at 95% confidence 
 
In general, therefore, the optimum IL-USAEME conditions were as follows: extraction 
solvent: [HMIM][FAP], pH of the sample solution: 3, extraction volume: 60 μl, 
ultrasonic time: 12 min and salt concentration: 30 mg/ml.  
 
2.3.2.3 Evaluation of method performance 
The repeatability, linearity, correlation coefficient and LODs were investigated under the 
optimized conditions and the results are summarized in Table 2-9. RSDs% were between 
2.6 and 6.6% on the basis of peak areas (at a concentration of 10 ng/ml), for six replicates, 
indicating good precision of the method. Good linearity of response was observed; it 
ranged between 10 and 1000 ng/ml (20 to 500 ng/ml for BP), and the r
2
 were in the range 
of 0.997 and 0.999. LODs were calculated at a S/N of 3, and were between 0.5 and 1 
ng/ml. These LODs are satisfactory, and are comparable to recently reported values using 
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HF-LPME [190] and DLLME [181] for these compounds. The new method is suitable to 
detect UV filters in real environmental water samples since these analytes are usually 
found at or higher than ng/ml concentration levels [49,174]. 
 
Table 2-9 Quantitative results of IL-USAEME 







            (n=6) (ng/ml)  (ng/ml) (ng/ml) (ng/ml) 
4-DHB 2.6 10-1000 0.997 1 0.5 0.4 
BP 6.6 20-500 0.999 0.5 0.2 0.5 
BP-3 5 10-1000 0.999 1 0.3 0.8 
4-MBC 6.6 10-1000 0.997 1 0.3          - 
 
2.3.2.4 Analysis of environmental samples 
In order to demonstrate the potential of the proposed method, it was applied to the 
analysis of four UV filters in tap water, collected from a laboratory, and river water, 
collected from the Singapore River. The samples were used directly without any 
pretreatment and extracted. No target analytes were found in the tested genuine water 
samples. This may indicate the contamination of this tap water and river water by UV 
filters in Singapore is not serious or the levels were below the LODs of the method. In 
order to assess matrix effects, genuine water samples were spiked with two different 
concentrations and relative recoveries were calculated. As the results show in Table 2-10, 
relative recoveries varied between 95.7% and 107.5%. The results indicate that the matrix 







Table 2-10 Relative recoveries and precision of IL-USAEME of river water and tap water spiked 
with UV filters at different concentration (10 ng/ml and 100 ng/ml) 
Compound River water 
   
Tap water 











RSD% Recovery% RSD% 
Recovery%  
RSD% Recovery% RSD% 
4-DHB 98.1 3.3 102.7 4.9 101.9 5.2 95.7 7.9 
BP 102.2 4.2 96.9 4.6 101.1 6.6 105.1 5.1 
BP-3 107.5 5.7 98.1 0.7 104.9 4.2 100.4 0.9 
4-MBC 96.4 1.8 104.2 4.3 98.9 1.1 100.7 5.2 
 
2.4 Conclusion remarks 
An FAP-based IL, [HMIM][FAP], was applied for the first time as an extraction solvent 
to HF-LPME and DLLME of UV filters from environmental water samples. Under the 
optimized IL-HF-LPME conditions, up to 216-fold enrichment factors (EFs) were 
achieved. Compared to other commonly used ILs in extraction processes, [HMIM][FAP] 
gave high EFs for the UV filters considered in this work, making it an ideal candidate for 
use in the HF-LPME and DLLME of these contaminants. The proposed methods were 
simple, accurate and time saving. Furthermore, the extraction solvent used was ionic 
liquid, a good alternative to conventional organic solvents commonly used for liquid 
extractions. The performance of those methods was studied in terms of accuracy, linearity 
and repeatability. LODs below (or at) 1 ng/ml were achieved for four analytes and 
reproducibility was also satisfactory. These techniques can be applied to the routine 





























































Despite the inherent benefits of the ILs containing FAP
- 
based LPME described above, 
many environmental analysts would also benefit from sorbent-based techniques that 
allow the separation and quantification of a great number of compounds in a short 
amount of time, with minimal sample preparation. An important trend in the fundamental 
research on sorbent-based microextraction is related to the development of new sorbents, 
to meet analytical challenges such as improvements in sensitivity, selectivity, and 
detection limits.  
 
Interest in mental organic frameworks (MOFs) materials has shown an exponential 
growth in recent years due to their novel structures and functionalities [191-194]. They 
are a new class of hybrid inorganic-organic microporous crystalline materials self-
assembled from metal ions with organic linkers via coordination bonds. The availability 
of various building blocks of metal ions and organic linkers makes it possible to prepare 
an infinite number of new MOFs with diverse structure and unusual properties, such as 
extremely large surface area, remarkably low density, microporosity, and are easily 
designed or modifiable to have different pore sizes. MOFs are regarded as promising 
candidates for hydrogen storage, gas separation and catalysis [195-198].  
 
The diverse structures and novel properties make MOFs attractive for analytical 
applications. MOFs including MOF-508, MIL-47 and MOF-5 have been used as 
stationary phase for GC packed column [199, 200].  MIL-101 as stationary phase for 
packed column GC has been successfully used to the separation of xylene isomers and 
ethylbenzene within 1.6 min without the need for temperature programming [201]. Since 
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it is difficult to coat GC packed column with microsized MOFs, nanosized isoreticular 
MOFs (IRMOFs) was fabricated and applied to capillary coating for successful high-
resolution GC separation of polychlorinated biphenyls (PCBs), PAHs and 
polybrominated diphenylethers (PBDEs) [202]. 
 
MOFs are excellent sorbents for sample preconcentration. MOF-5 packed quartz tube has 
been applied to in-field sampling and preconcentration of atmospheric formaldehyde 
before thermally desorption GC-MS analysis [203]. MOFs was an efficient sorbent for 
trapping formaldehyde in indoor and outdoor air with a relatively humidity less than 45%. 
The developed method provides a fast (<10 min), highly reproducible (with RSDs 
between 2.8 and 5.3%) and low LOD of 0.6 µg/m3. MOFs are also promising sorbents for 
SPE and SPME. Water stable 2D copper (II) isonicotinate MOF was used as SPE sorbent 
for the extraction of PAHs from aqueous solution [204]. Depending on the shape, size, 
and hydrophobic properties of PAHs, enrichment factors ranging from 200 to 2337 for 
naphthalene, phenanthrene, anthracene, fluoranthene, benzo(b)fluoranthene, 
benzo(k)fluoranthene, benzo(a)pyrene, and benzo(ghi)perylene were obtained. MOFs are 
also effective SPE sorbents for low abundance peptides from biological samples since 
they have high surface are, large pores, and good chemostability and bio-compatibility, 
and their different pore sizes result in different mass spectra patterns of the enriched 
peptide.  Peptides with molecular weight<4200 Da were enriched on MIL-101 with the 
smaller pore size (5.6 and 8.6 Å) while larger molecular peptides (~8000 Da) were 
effectively trapped on MIL-53 with larger pore size (17 Å) [205]. MOF-199 was coated 
on stainless steel wires by an in situ hydrothermal method as SPME application [206]. 
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The fabricated SPME fiber provided higher enrichment factor for SPME of benzene 
homologues compared to commercial PDMS/DVB fibers. Low LODs (8.3-23.3 ng/L) 
and good reproducibility (2.0-7.7% (RSD)) were obtained.  
 
On the other hand, water stability is an important property for any MOF that has the 
potential to be used in various applications since moisture is usually present in at least 
small amounts [207]. However, only limited studies of MOFs in liquid phase adsorption 
have been reported since water instability, an essential property for any materials used in 
the liquid phase, is a common shortcoming of essentially all of the early MOFs [208]. 
Many metal-oxygen bonds can lead to hydrolysis of the network, thus irreversibly 
destroying the structure when exposed to even very small amounts of moisture [209]. 
Recently, water stable MOFs based on imidazolate and related linkers have been 
synthesized.  
 
Zeolite imidazolate frameworks (ZIFs) are a subclass of MOF materials, which were 
synthesized by Yashi‟s group. They are made up of metal atoms (metal=Co, Cu, Zn, etc.) 
linked through N atoms of imidazolate (Im) or functionalized Im ligands to provide four, 
six, eight, and twelve membered ring MN4 tetrahedral clusters. ZIFs are similar to the 
framework of zeolites in which the T-O-T bridges (T =Si, Al, P) are replaced by M-Im-M 
bridges (M=Zn, Co, Cu) and their bond angles are both 145˚ [210]. Like MOFs, ZIFs 
possess a remarkably low density, a large surface area, open sites for adsorption, and 
chemical and thermal stability. Compared to the typical carboxylate linkers, greater 
basicity of the imidazolate linker of ZIFs results in stronger metal-ligand bond and, 
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therefore, a purported resistance to hydrolysis. All of the properties mentioned above 
make ZIFs potentially good candidates for liquid phase applications, such as extraction 
and preconcentration of analytes from water samples. 
 
ZIF-8 coated on GC capillary as molecular sieving materials for high resolution 
separation of alkanes has been reported [211]. The ZIF-8 coated capillary has a strong 
ability to separate linear alkanes from branched alkanes since ZIF-8 possess the narrow 
six-membered ring pore size (3.4 Å) ,large pores (11.4 Å) and van der Waals interaction 
with linear alkanes. ZIF-8 coated fiber for selective SPME of n-alkanes from complex 
matrix has been reported. It provides good enrichment factors ranged from 235 to 1212 
and low LODs from 0.46 ng/L to 1.06 ng/l [212]. 
 
In Chapters 3, 4 and 5 of this thesis, the synthesis and use of ZIF-8 and ZIF-4 as sorbents 
for µ-SPE of trace analytes in environmental water samples is reported. The structures of  
ZIF-8 and ZIF-4 used  in this section are given in Figure 3-1. 
                             
Figure 3-1 Structures of ZIF-8 (left) and ZIF-4 (right) used in this section. 
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Chapter 3. Water stability of zeolite imidazolate framework 8 and application to 
porous membrane-protected micro-solid-phase extraction of polycyclic aromatic 
hydrocarbons from environmental water samples 
 
3.1 Introduction 
SPME, a solvent free extraction procedure, was first introduced by Arthur and Pawliszyn 
[84]. It is a fast, simple, and green sample preparation technique that combines 
preconcentration and sampling into one step. However, it has some disadvantages, such 
as limited fiber lifetime, particularly if used in the direct immersion mode, comparatively 
high cost of the fibers and fiber assembly holder, fragility of the fiber and sample 
carryover [213]. In order to at least partially overcome these disadvantages, Lee et al. 
reported a novel extraction and preconcentration technique termed μ-SPE [115-120]. It 
was demonstrated to be a fast, accurate, and effective pretreatment technique, for various 
applications, including in combination with microwave irradiation for extraction of soil
 
[117] and biological tissue [214] samples. 
 
ZIF-8 is one of the most studied ZIF compounds. It has permanent porosity, high surface 
area, hydrophobic property and open metal sites [205,206,215-219]. Unlike other MOFs, 
ZIF-8 has exceptional thermal and chemical stability in refluxing organic solvents, water 
and aqueous alkaline solutions [217]. One of the reasons is that imidazolate linkers are 
more basic compared to the typical carboxylate linkers, resulting in stronger metal-ligand 
bonds. Another reason is that ZIF-8 is hydrophobic. These novel properties characterize 
the material as being different from other moisture sensitive MOFs and endow ZIF-8 
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with the potential to extract trace analytes from environmental water sample.  
  
MOF-5 [206] and MOF-199 [212] have been used as sorbents for the preconcentration of 
analytes in air samples. However, both are moisture sensitive, and extraction efficiency 
decreases significantly when the relative moisture reaches 30% [219]. As far as we are 
aware, such material has not been used as sorbent for aqueous matrices. In the present 
study, the first example of the utilization of the moisture resistant ZIF-8 for the µ-SPE of 
several PAHs from aqueous water samples is reported. Various parameters influencing 
the µ-SPE including the effect of desorption time, extraction time, desorption solvent and 
salt concentration were investigated. To our knowledge, this is the first time ZIFs was 
used as sorbents for aqueous samples.                           
 
3.2 Experimental  
3.2.1 Chemicals and materials  
HPLC grade toluene, methanol, acetonitrile, hexane and N,N-dimethylformamide (DMF) 
were obtained from Fisher. The PAHs, naphthalene (Nap), fluorene (Flu), acenaphthene 
(Ace), phenanthrene (Phe), anthracene (Ant) and fluoranthene (Flt) were obtained from 
Supelco (Bellefonte, PA, USA). Table 3-1 list the physicochemical properties and 
chemical structures of PAHs selected for this study. Sodium chloride was bought from 
GCE. Zinc nitrate tetrahydrate (Zn(NO3)2.4H2O) was obtained from Merck and 2-
methylimidaole (H-MeIM) were purchased from Alfa Aesar. C18 and C8 were supplied by 
Alltech (Deerfield, IL, USA). Q3/2 Accurel 2E HF (R/P) polypropylene (PP) membrane 
sheet (157-µm thickness, 0.2-µm pore size) was purchased from Membrana. Ultrapure 
water was obtained from a Milli-Q water purification system.  
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Table 3-1 Structures and relevant physico-chemical properties of analytes 
Compound Abbreviation Formula Structure Log Kow 
Naphthalene Nap C10H8 
 
3.37 
Fluorene Flu C13H10 
 
4.18 
Acenaphthene Ace C12H10 
 
3.96 
Phenanthrene Phe C14H10 
 
4.46 
Anthracene Ant C14H10 
 
4.5 




3.2.2 Instrumentation  
The separation and quantification of PAHs was performed on a Shimadzu (Kyoto, Japan) 
QP2010 GC-MS system equipped with a Shimadzu AOC-20i autosampler and a J & W 
Scientific DB-5 MS (Folsom, CA, USA) fused-silica capillary column (30 m × 0.25 mm 
internal diameter (i.d.) 0.25 μm film thickness). For this experiment, the following 
temperature programme was used: initial temperature of 80°C for 2 min, increased to 
280°C at 10°C/min and further increased to 300°C, and held for 2 min. Helium was used 
as the carrier gas at a flow rate of 1.8 mL/min. The injector temperature was held at 
280 °C. The GC-MS interface was maintained at 280 °C. All standards and samples were 
analyzed in selective ion monitoring (SIM) mode and all injections were made in the 
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splitless mode. Quantitative calculations were made based on GC-MS peak areas. 
 
A JSM-5200 scanning electron microscopy (Japan Electron Company, Tokyo, Japan) was 
used to record the surface structure change of ZIF-8 before and after 50 extractions. To 
prepare samples for SEM, the ZIF-8 was fixed on the stub by a double-sided sticky tape 
and then coated with platinum using a JFC-1600 (JEOL) Auto fine coater for 30 s. 
Elemental analysis was performed on an Elementar Vario Micro Cube (Hanau, Germany) 
elemental analyzer to determine the carbon, hydrogen and nitrogen contents of ZIF-8. 
Fourier transform infrared (FT-IR) spectra of ZIF-8 in solid phase were obtained by a 
Varian Excalibur 3100 FT-IR spectrometer (Palo Alto, CA, USA). ZIF-8 (1 mg) was 
blended with IR grade KBr (100 mg) and pressed into pepplet for analysis. FT-IR spectra 
were recorded at a resolution of 4 cm
-1




3.2.3 Synthesis of ZIF-8  
ZIF-8 crystal was synthesized according to the reported procedure [187]. In brief, 0.21 g 
(8.03 × 10
-4
 mol) Zn(NO3)2.4H2O and 0.06 g (7.31 × 10
-4
 mol) of H-MeIM was dissolved 
in 18 ml DMF in a 20 ml Teflon liner. The Teflon liner was then placed in a steel 
autoclave and heated at a rate of 5 °C/min to 140 °C in a programmable oven that was 
maintained at this temperature for 24 h, then cooled at a rate of 0.4 °C /min to room 
temperature. The mother liquor was then removed from the mixture, 18 ml chloroform 
was added, and the product was collected from the upper layer, washed with DMF and 




3.2.4 Preparation of µ-SPE Device  
To prepare the µ-SPE device, a PP sheet membrane was used. The longer edge of the 
membrane was folded over to a width of 0.5 cm. The edge of the fold-over flap was then 
heat sealed to the main sheet. The fold-over section was then trimmed off from the main 
sheet. The former was then cut into individual rectangular pieces. One of the two open 
ends of each piece was then heat sealed, and 5 mg sorbent was introduced into the 
resulting envelope to give the µ-SPE device (of dimensions 0.5 cm × 0.8 cm). Finally, the 
last remaining open end was heat-sealed to secure the contents. 
 
3.2.5 Sample preparation 
Individual stock solutions of 1000 μg/ml of each PAH was prepared in methanol and 
stored at 4°C. Working solutions containing all of the PAHs at different concentrations 
were prepared by spiking them into ultrapure water. The concentration of each PAH in 
the working solutions was 5 ng/ml; these solutions were used for the optimization 
experiments. Environmental water samples for the experiments were collected from a 
canal passing through a residential area in Singapore. 
 
3.2.6 Extraction Procedures 
Extraction was performed in the following manner: (1) Each μ-SPE device was 
preconditioned by ultrasonication in methanol for 10 min and dried in air before use. (2) 
For each extraction, the μ-SPE device was placed in a prepared sample and stirred at 
1250 rpm. The device tumbled freely within the sample during extraction. After 20 min 
of extraction, the device was removed with a pair of tweezers followed by drying with 
66 
 
lint free tissue paper. (3) The device was placed in a 300 μL vial, and the analytes were 
desorbed by ultrasonication in 70 μL toluene for 20 min. (4) The vial was placed on the 
autosampler tray and 1μl of the extract was automatically retrieved and injected into GC-
MS system for analysis. 
 
3.3 Results and discussion 
3.3.1 Characterization of ZIF-8  
The results of elemental analysis of ZIF-8 presented in Table 3-2 were in good agreement 
with a previous report [217]. The relative intensity and peak positions of the XRD shown 
in Figure 3-3 are also in agreement with previous work [217], confirming the formation 
of pure ZIF-8 [217]. Comparison of the experimental and the simulated patterns of ZIF-8 
(Table 3-3) showing a high degree of correspondence between the patterns, indicates that 
the material was prepared successfully. Minimal changes in the powder XRD patterns, 
observed after extraction, indicated that ZIF-8 was stable and suitable for the extraction 
of trace analytes from water samples (Figure 3-2). The SEM images (Figure 3-3) clearly 
showed that polyhedral crystals were obtained. The SEM micrographs of ZIF-8 after 50 
μ-SPE experiments indicated that its structure did not undergo any significant change. 
The results conclusively showed that ZIF-8 was very stable in water samples. 
 
Table 3-2 Elemental analysis results of ZIF-8 
Analyte Carbon % Nitrogen % Hydrogen % 








Table 3-3 Comparison of positions in the experimental and simulated XRD patterns from 
its single crystal structure of ZIF-8  
























Figure 3-3 SEM images of ZIF-8 before µ-SPE of PAHs from water samples at 
magnification of ×250 (A1) and ×150 (A2) and after 80 µ-SPE experiment of the same 
analytes from water samples at magnification of ×250 (B1) and ×150 (B2). 
 
3.3.2 Extraction optimization 
Parameters influencing the extraction efficiency such as desorption time, extraction time, 
desorption solvent and salt concentration were investigated 
 
3.3.2.1 Sorbent materials 
The selection of a sorbent is vital for µ-SPE since it determines the selectivity for the 
analytes. It was investigated by extracting 8 ml water sample containing 5 ng/ml of each 
analyte at 1000 rpm stirring speed for 10 min. The analytes were eluted for 5 min. 
Generally, silica-based sorbents have been found to be advantageous in the extraction of 
various groups of organic and inorganic compounds, and have been used as extraction 
materials in μ-SPE [115-116]. Therefore, C18 and C8 were chosen to compare with ZIF-8. 
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As the results show in Figure 3-4, ZIF-8 was found to be the most effective extraction 
sorbent, followed by C18 and C8. ZIF-8 is composed of large 1.16 nm pores and small 
pore apertures of 3.4 nm, and has a cubic space group with unit cell dimensions of 1.63 
nm. The pore sizes are approximately twice as large as those of the corresponding 
sodalite (SOD)-zeolites [220,221]; such a porous structure provides a potential approach 
to selective extraction of analytes based on size selectivity. ZIF-8 has Lewis acid sites 
from Zn; thus, the interaction between these sites and electron-rich analytes makes ZIF-8 
more selective for these types of analytes.  
 
 
Figure 3-4 Comparison of µ-SPE efficiency of ZIF-8 with commercial sorbents (C18, C8). 
Conditions: sample volume, 8 ml; extraction time, 10 min; desorption time, 5 min; 
desorption solvent, methanol; salt concentration, 0% (w/v). 
 
3.3.2.2 Desorption solvent 
Selection of a suitable desorption solvent was assessed based on the solubility of analytes 
and membrane, and the polarity of the solvent. PAHs are relatively hydrophobic and 
having strong interaction with the sorbent, may not be easily desorbed if the wrong 
sorbent is used. Both polyproplyene and ZIF-8 are stable in many organic solvents such 
70 
 
as toluene, methanol, hexane and acetonitrile. Therefore, these solvents were chosen as 
desorption solvents. Based on the results in Figure 3-5, toluene, most probably by virtue 
of its aromatic character (“like dissolves like” principle), has greater affinity for the 
PAHs, gave better peak areas compared to the other solvents. Hence, it was selected as 
the desorption solvent for further experiments. 
 
 
Figure 3-5 Influence of desorption solvent on µ-SPE. Conditions: sample volume, 8 ml; 
extraction time, 10 min; desorption time, 5 min; salt concentration, 0% (w/v). 
 
3.3.2.3 Desorption time 
The effect of desorption time in the range of 5 to 25 min at 5 min intervals was explored. 
Figure 3-6 shows that the chromatographic signals decreased with increase in desorption 
time; peak areas showed an increase from 5 min to 20 min desorption, but a decrease 
thereafter. Prolonged desorption time could conceivably lead to readsorption of the 
analytes. This is a common observation that has been reported in other microextraction 
studies. Based on the observation, the optimum desorption time was set at 20 min. In 
order to examine carryover effect, the used μ-SPE device was further desorbed in toluene 
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for another 20 min; no analytes were detected. From this result, which demonstrated no 
analyte carryover, the same μ-SPE device could be reused for extractions. Moreover, the 
extraction efficiency was maintained up to at least the 50
th




Figure 3-6 Influence of desorption time on µ-SPE. Conditions: sample volume, 8 ml; 
extraction time, 10 min; desorption solvent, toluene; salt concentration, 0% (w/v). 
 
3.3.2.4 Extraction time  
For μ-SPE, mass transfer of analyte from sample to the sorbent materials is a time-
dependent and equilibrium based rather than an exhaustive extraction process. Extraction 
time is a key factor for extraction efficiency. In this experiment, the extraction time was 
estimated within the range of 5 to 30 min with constant stirring (Figure 3-7). The amount 
of analytes generally increased with extraction time up to 20 min with no significant 
improvement thereafter. Some peak areas decreased over prolonged extraction; this is due 
to the desorption of analyte beyond the optimum time, again a common observation in 
microextraction studies. Based on this result, an optimum extraction time of 20 min was 






Figure 3-7 Influence of extraction time on µ-SPE. Conditions: sample volume, 8 ml; 
desorption time, 20 min; desorption solvent, toluene; salt concentration, 0% (w/v). 
 
3.3.2.5 Salt concentration  
The influence of salt on the extraction efficiency of μ-SPE was adjusted by addition of 
NaCl from 5 to 30% (w/v). For μ-SPE, the extracted amount of analytes was enhanced 
since aqueous solubility decreased with increasing ionic strength. The results (Figure 3-8) 
demonstrated that the extraction efficiency increased to a maximum when NaCl 
concentration was 20%. This was followed by a deterioration in extraction upon a further 
increase in NaCl concentration. The salting-out effect conceivably played a major 
positive role when the salt concentration was increased from 0 to 20%. However, with an 
increase in the viscosity of the sample solution when the salt concentration was raised 
from 20% to 30%, the mass transfer process from aqueous solution to the sorbent was 





Figure 3-8  Salt effect on µ-SPE. Conditions: sample volume, 8 ml; extraction time, 20 
min; desorption time, 20 min; desorption solvent, toluene. 
 
3.3.3 Method evaluation  
To evaluate the applicability of the proposed procedure for extracting PAHs, the 
repeatability, linearity, limits of quantification (LOQs) and LODs were investigated under 
the most favorable extraction conditions (ZIF-8 sorbent; extraction time of 20 min; 
toluene as desorption solvent; desorption time of 20 min; salt addition at 20%). The 
results are shown in Table 3-4. The linearity of this method was explored at the 
concentrations of from 0.1 or 0.5, to 50 ng/ml of each analyte with good r
2
 between 
0.9955 and 0.9995. The LODs and LOQs were determined at a concentration at which 
signal-to-noise ratios were 3 and 10 respectively, and these were in the range of 0.002 
and 0.012 ng/ml, and 0.029 and 0.083 ng/ml respectively. The precision of the proposed 
method was then evaluated; RSDs% for five replicate experiments, were found to be 
<8.5%. The obtained results are comparable with those reported in previous 
microextraction work, where a PDMS fiber
 
[222] (in SPME) or a DLLME coupled with 
74 
 
dispersive μ-SPE [223] was used for the extraction of PAHs. 
 
Table 3-4 Linear Range, Regression Data, LODs, LOQs of PAHs  






















Nap 0.1-50 0.9973 0.083 0.012 3.1 0.034 6.8 0.041 11.1 
Ace 0.1-50 0.9955 0.050 0.008 4.1 0.022 7.4 0.004 14.5 
Flu 0.5-50 0.9959 0.067 0.010 8.5 0.022 5.6 0.012 15.6 
Phe 0.1-50 0.9970 0.050 0.005 2.2 0.020 7.0 0.005 6.2 
Flt 0.05-50 0.9978 0.029 0.002 2.7 0.139 5.9 0.002 13.2 
Pyr 0.1-50 0.9995 0.044 0.002 2.1 0.117 3.4 0.003 5.0 
 
3.3.4 Analysis of environmental water samples  
The developed method using ZIF-8 as μ-SPE sorbent was employed for PAH extraction 
from a 8 ml canal water sample. The results are shown in Table 3-5. The water samples 
were subjected to μ-SPE without filtration. As expected, since PAHs are ubiquitous, the 
sample was contaminated with PAHs. Three canal water samples were extracted and 
analyzed. As shown by the results listed in Table 3-5, individual concentration of PAHs 
ranging between 0.32 and 0.95 ng/ml were detected with RSDs in the range of 4.3% and 
9.5%. Their presence was confirmed by spiking PAH standards into canal water at a 
concentration of 4 ng/ml and reanalyzing the sample (Figure 3-9). Relative recoveries 
were determined. For samples spiked at concentration of 5 ng/ml, the relative recoveries 
varied between 98% and 106.5%, and RSDs were in the range of 1.3% to 4.9%. These 
results demonstrated that ZIF-8 is a suitable sorbent for the μ-SPE of PAHs in 





Table 3-5. Analytical Results for the Determination of PAHs in Real Samples 
Analytes 










Nap 0.32 5.2 98.1 1.4 
Ace 0.48 4.8 98.0 1.3 
Flu n. d.  4.3 102.4 4.9 
Phe 0.5 9.5 106.2 4.1 
Flt 0.75 4.4 96.9 2.3 





Figure 3-10 GC-MS-SIM traces of canal water extracted by the developed method. (A) 
Canal water without spiking; (B) canal water sample spiked at 4 ng/ml. Peaks: 1: Nap; 2: 
Ace; 3: Flu, 4: Phe; 5: Flt; 6: Pyr. Conditions: sample volume, 8 ml; extraction time, 20 
min; desorption time, 20 min; desorption solvent, toluene; salt concentration, 20% (w/v). 
 
3.4 Concluding remarks 
In this study, a novel MOF materials, ZIF-8, was employed, for the first time, as a μ-SPE 
sorbent for the preconcentration of PAHs from environmental water samples. Owing to 
its high surface area, hydrophobicity and water stability, the material was demonstrated to 
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be a suitable sorbent. Satisfactory LODs from 0.002 to 0.012 ng/ml and good %RSD 
values were achieved. This work opens up a new application for ZIF-based materials as 
sorbents for environmental water analysis. It is expected other hydrophobic and benzoic 






















Chapter 4. Zeolitic imidazolate frameworks-8 as sorbent and its application to 
sonication-assisted emulsification microextraction combined with vortex-assisted 
porous membrane-protected micro-solid-phase extraction for fast analysis of acidic 
drugs in environmental water  
 
4.1 Introduction 
Pharmaceuticals like analgesics, anti-inflammatories, anti-epileptics and β-blockers have 
been identified as environmental pollutants or contaminants of emerging concern [224-
228]. The concentrations of various drug residues found in the aquatic environmental are 
relatively low [229]. However, the impact of the individual drug residues on nontarget 
organisms is still unknown and drug combinations may potentially display synergistic 
effects. Therefore, there is a need to develop suitable analytical methods for the analysis 
of pharmaceutical drugs in environmental water samples. In such complex samples, 
sample preparation is essential to ensure the quality of analytical results. In recent years, 
SPME and LPME have become widely practiced solvent-minimized approaches in the 
sample preparation of environmental samples. They have been applied to environmental 
water samples in the analysis of acidic drugs [230-234]. However, carryover problems, 
fiber fragility and comparatively high cost of fibers are often associated with the use of 
SPME [235, 236]. The main drawback of one LPME mode, SDME, is the instability of 
the drop at high stirring rates. In order to at least partially overcome these problems, 





In order to increase sample preparation throughput, the development of time-saving and 
high efficient microextraction techniques is desirable. Shi and Lee applied DLLME 
coupled to dispersive SPE for trace analysis of PAHs [237]. Some disadvantages of this 
method are that: it is not a selective extraction method, and the interferences from matrix 
co-extractives are potentially detrimental, particularly for extraction of trace analytes 
from complex samples such as soil, urine and blood. Furthermore, although a 
centrifugation step was not required after extraction, this was only because a magnetic 
solid sorbent was used. A new technique is introduced in the present study, based on 
combined SAEME with vortex-assisted μ-SPE (SAE-VA-μ-SPE) as a new sample 
preparation technique that employs ZIF-8 as extraction sorbent. For the SAE-VA-μ-SPE 
component, special apparatus such as conical-bottom test tubes, and tedious procedures 
such as centrifugation, or refrigeration of the extract (needed for various other DLLME 
modes [238]) are unnecessary. The proposed method provides an interesting and 
innovative approach of combining different microscale sample preparation methods to 
solve analytical problems that are not easily addressed by the individual procedure alone. 
 
4.2 Experimental  
4.2.1 Chemicals and materials  
1-Octanol was purchased from Sigma-Aldrich. Trimethylphenylammonium hydroxide 
(TMAH) used as derivatization reagent was bought from Supelco. The analytes used, 
naproxen (99%), ibuprofen (99%) and ketoprofen (99%) were supplied by Sigma-Aldrich. 




Stock solutions of individual acidic drugs at a concentration of 1 mg/ml were prepared in 
methanol and stored at 4 °C until use. Genuine water samples were collected from a canal 
passing through a residential area in Singapore. They were transported to the laboratory 
immediately, and stored in the refrigerator at 4°C before use. 
 
Table 4-1 Structures and some relevant physico-chemical properties of analytes 



















4.2.2 GC-MS analysis 
The separation and determination of analytes were performed on the same GC-MS 
system as used in Chapter 3 (Section 3.2.2). Helium was employed as the carrier gas at a 
flow rate of 1.6 ml/min. The GC injection port temperature was held at 280°C and all 
injections were made in the splitless mode. The GC-MS interface temperature was set at 
280 °C. The oven temperature programme applied was as follows: initial temperature of 
70 °C, kept for 1 min; then an increase by 10 °C/min to 280 °C, held for 2 min. Data 
acquisition was performed in full scan mode across a mass range of m/z 50 to 450 to 
confirm the retention times of the analytes, and SIM was used for quantification. The 
most abundant ion present was selected as the quantitative ion (in italics), while another 
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ion was used for the confirmation of individual compounds, 161 and 220 for ibuprofen, 
185 and 244 for naproxen and 209 and 268 for ketoprofen. 
 
4.2.3 Characterization of ZIF-8  
ZIF-8 crystal was synthesized according to previously procedure [217]. The obtained ZIF-
8 was characterized by SEM, PXRD and FT-IR spectroscopy. The characterization 
procedures were according to our previous work (Section 3.2.2 of Chapter 3). 
 
4.2.4 Extraction procedures  
4.2.4.1 SAE-VA-μ-SPE  
For this extraction procedure, 10 µl of 1-octanol was added into a 10 ml sample 
containing 10 ng/ml of each drug. The resulting solution was sonicated for 2 min. With 1-
octanol dispersed into the aqueous solution, a homogenous cloudy solution was obtained. 
For vortex-assisted μ-SPE, a prepared µ-SPE device (the preparation of a µ-SPE device 
was based on a previous reported procedure [115]) was rapidly placed in the obtained 
solution, and vortexed at 4500 rpm for 1 min. After extraction, the µ-SPE device was 
removed using a pair of tweezers from the aqueous sample and placed in a 300 µl glass 
insert for desorption. Analyte desorption was performed by sonication for 5 min using 70 
µl of hexane. One microliter of the extract was then withdrawn into a 10 µl microsyringe. 
Immediately, 1 µl of derivatization reagent (TMAH) was withdrawn into the same 
microsyringe. The extract and the derivatization reagent were then injected directly into 
the GC-MS system for in situ derivatization and analysis. Upon injection, ion pairs of 





4.2.4.2 Agitation-assisted µ-SPE (AA-µ-SPE) and sonication-assisted combined with 
vortex-assisted µ-SPE (SA-VA-µ-SPE) 
AA-µ-SPE was performed by placing a prepared µ-SPE device into 10 ml of a water 
sample containing 10 ng/ml of the drugs with a stirring bar rotating at 1000 rpm for 5 min. 
SA-VA-µ-SPE was carried out by sonication extraction for 4 min followed by vortex 
extraction for 1 min. The desorption and injection procedures were the same as those for 
SAE-VA-μ-SPE.  
 
4.3 Results and discussion 
4.3.1 Characterization of ZIF-8 
As shown in Figure 4-1A, the FT-IR spectrum of H-MeIM has many characteristics of a 
nitrogen-containing heterocycle. For H-MeIM, the 3116 cm
-1
 band indicates C-H 
stretching. Several bands between 1640 and 1438 cm
-1
 indicate double bonds on the ring. 
The NH group absorbs strongly between 3390-2500 cm
-1
; this band is accompanied by a 
band near 1832 cm
-1
. As shown in Figure S1B, the strong and broad NH band between 
3390-2500 cm
-1
 is absent and the associated weak band near 1820 cm
-1
 indicates that H-
MeIM links in ZIF-8 has been fully deprotonated, and ZIF-8 was successfully obtained. 

















The PXRD of ZIF-8 is given in Figure 5-2A. Minimal changes in the PXRD patterns 
(Figure 5-2B) are observed after extraction indicating that ZIF-8 is stable and feasible for 
extraction trace analytes from water samples.  
 
4.3.2 Optimization of the SAE-VA-μ-SPE of acidic drugs  
4.3.2.1 Comparison of SAE-VA-μ-SPE with AA-µ-SPE and SA-VA-µ-SPE  
According to the obtained results, ZIF-8 was synthesized successfully and proved to be a 
stable and feasible sorbent for extraction of trace analytes from water samples. Extraction 
was conducted by adding 10 µl of 1-octanol into 10 ml of sample containing analytes at 
concentrations of 10 ng/ml each. The solution was sonicated for 4 min, and vortexed for 
1 min after adding the µ-SPE device. Analyte desorption was carried out by sonication 
for 5 min. As Figure 4-3 clearly shows, higher chromatographic signals were obtained for 
SAE-VA-μ-SPE among the three methods with the same extraction sorbent. The results 
suggest that the SAEME step was critical for high extraction efficiency.  
 
In SAE-VA-μ-SPE, the choice of extraction solvent is very important. The selected 
solvent should be immiscible with water. In addition, the solvent must be of low volatility 
and have good affinity for the target analytes. Based on these considerations and previous 
work, 1-octanol was deemed to be a suitable extraction solvent. 1-Octanol shows strong 
affinity for the acidic drugs due to its hydrogen-bonding ability. In the present study, 
sonication was introduced to assist of in the formation organic microdroplets without 
involving a dispersive solvent as would be needed in conventional DLLME. These 
microdroplets were widely dispersed in the aqueous sample, enhancing the surface 
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contact area and therefore facilitating its extraction of analytes.  
 
For SA-VA-µ-SPE, 4 min sonication time was too short to allow full interaction between 
the µ-SPE device and the aqueous phase, and 1 min vortex-assisted extraction was too 
short for the system to reach equilibrium. For AA-µ-SPE, 5 min stirring time was 
insufficient for the attainment of equilibrium. The proposed SAE-VA-μ-SPE overcame 
these disadvantages. The extraction procedure could be completed in 10 min. Comparison 
of the time to reach equilibrium state of the proposed and other reported microextraction 
methods [237] for extraction of drugs from water samples indicated that the former 




Figure 4-3 Comparison of the efficiency of SA-VA-μ-SPE, AA-μ-SPE and SAE-VA-μ-
SPE. Conditions: sample volume, 10 ml; sonication time, 4 min; volume of 1-octanol, 10 
μl; desorption solvent, methanol; desorption time, 5 min; salt concentration, 0%. 
 
4.3.2.2 Selection of desorption solvent 
Hexane, methanol and acetonitrile were evaluated as desorption solvents. Figure 4-4 shows 
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that hexane was the best desorption solvent under the same extraction and elution conditions. 
 
 
Figure 4-4 Influence of different desorption solvent on SAE-VA-μ-SPE. 
Conditions: sample volume, 10 ml; sonication time, 4 min; volume of 1-octanol, 10 μl; 
desorption time, 5 min; salt concentration, 0%. 
 
4.3.2.3 Volume of extraction solvent  
During SAE-VA-μ-SPE, the volume of extraction solvent was another essential factor 
which affects the occurrence of the cloudy state and determines the extraction 
performance. Different volumes of extraction solvent (5, 10, 15 and 20 µl) were 
investigated. As shown in Figure 4-5, the highest chromatographic signals were obtained 
when the volume of the dispersive solvent was 10 µl. On the other hand, 5 µl of 1-octanol 
was not sufficient to extract all of the drugs. At volumes greater than 10 µl, the dilution 





Figure 4-5 Influence of volume of extraction solvent on SAE-VA-μ-SPE. Conditions: 
sample volume, 10 ml; sonication time, 4 min; desorption solvent, hexane; desorption 
time, 5 min; salt concentration, 0%. 
 
4.3.2.4 Emulsification time  
The effect of emulsification time on the extraction efficiency was examined in the range 
of 2 to 8 min at the 2-min intervals. According to the results given in Figure 4-6, 
chromatographic signals showed no significant change when the sonication time was 
increased from 2 to 8 min. This may be due to the contact surface area between extraction 
solvent and aqueous sample being infinitely large, resulting in attainment of equilibrium 
was achieved in a very short time.   
  
4.3.2.5 Desorption time 
The effect of desorption time (5 min to 20 min) with sonication was examined. Figure 5-8 
shows that almost all the analytes gave similar chromatographic signal intensities. The 
results indicate that desorption time had little effect on the desorption efficiency. 
Therefore, the shortest time, 5 min, was adequate and acceptable to elute all the absorbed 
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Figure 4-6 Influence of emulsification time on SAE-VA-μ-SPE. Conditions: sample 
volume, 10 ml; volume of 1-octanol, 10 μl; desorption solvent, hexane; desorption time, 




Figure 4-7 Influence of desorption time on SAE-VA-μ-SPE. Conditions: sample volume, 
10 ml; sonication time, 2 min; volume of 1-octanol, 10 μl; desorption solvent, hexane; 
salt concentration, 0 mg/ml. 
 
4.3.2.6 Salt effect  
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The effect of salt addition to the sample solutions was also investigated. In the present study, 
0 to 200 mg/ml (0, 50, 100 and 200 mg/ml) of sodium chloride was added to the aqueous 
samples. Figure 5-9 shows that chromatographic signals increased with increase of salt 
concentration from 0 to 50 mg/ml, but decreased thereafter (when salt concentrations were 
further increased to 200 mg/ml). The increased viscosity of the sample solution 
conceivably inhibited the extraction by retarding the mass transfer of the analytes. The 




Figure 4-8 Influence of salt concentration on SAE-VA-μ-SPE. Conditions: sample 
volume, 10 ml; sonication time, 2 min; volume of 1-octanol, 10 μl; desorption solvent, 
hexane; desorption time, 5 min. 
 
4.3.2.7 Adjustment of pH 
The influence of sample pH on extraction efficiency was investigated by adjusting the 
parameter with 40% H3PO4 or 0.15 M NaOH. Figure 4-9 shows that higher chromatographic 
signals were obtained at pH 2. The pKa values of ibuprofen, naproxen and ketoprofen are 
3.97, 4.15 and 4.45, respectively. In a sample solution with a pH value lower than the pKa 
values of the drugs, the acid-base equilibrium of the analyte would be shifted towards the 
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neutral form and its partitioning into the extraction phase would be favored. Thus, a pH value 





Figure 4-9 Influence of pH of sample on SAE-VA-μ-SPE. Conditions: sample volume, 
10 ml; sonication time, 2 min; volume of 1-octanol, 10 μl; desorption solvent, hexane; 
salt concentration, 50 mg/ml. 
 
4.3.3 Method validation  
In order to investigate the practicality of the developed method, linearity, LODs and 
repeatability were obtained under the optimized extraction conditions. The results are listed 
in Table 4-2. The linearity was investigated over a concentration range of 0.5 and 50 ng/ml. 
Good linearity with r2 ranging between 0.9965 and 0.9993 were obtained. The repeatability 
of the proposed method was studied for five replicate experiments based on extraction of an 
aqueous sample containing 1 ng/ml of each of the drugs. The RSDs% were in the range of 
4.1% to 7.6%. LODs for all target analytes were determined by progressively decreasing the 
concentrations of analytes until signals were detected at a S/N ratio of 3, and ranged between 
0.01 and 0.03 ng/ml. The results were comparable with these obtained in studies in which 
commercial C8 was used as sorbent for µ-SPE-HPLC-UV [115] and in HF-LPME [239], as 
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shown in Table 4-2. 
 
Table 4-2. Linear range, regression data, and LODs of acidic drugs 
 
  
This work From Zhang et al. 
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  LODs    RSD 
 (ng/ml)   (%, n=5) 
LODs    RSD% 
(ng/ml)   
LODs    RSD% 
(ng/ml) 
Ibuprofen 0.5-50 0.9976    0.02     7.6 0.01      4.96 0.08        8 
Naproxen 0.5-50 0.9965    0.04     6.4 0.01      3.26  -         - 
Ketoprofen 0.5-50 0.9993    0.01     4.1 0.05     10.61 0.03        6 
 
4.3.4 Genuine water analysis 
The developed method was applied to the analysis of trace acidic drugs in water samples 
collected from a canal in Singapore. Neither dilution nor further treatment was applied in the 
sample before extraction. First, blank extraction of environmental water samples using the 
developed method was performed by extraction of 10 ml of canal sample. None of the 
analytes were detected, the results indicated that either they were not present or they were 
present at below the LODs of the method. Nevertheless, to evaluate matrix effects on SAE-
VA-μ-SPE, two different concentrations (0.1 ng/ml and 5 ng/ml) of each analyte were spiked 
into the water samples and relative recoveries were measured. The relative recoveries (%) of 
the method were tested by three replicate extractions and the results are given in Table 4-3. 
Relative recoveries were between 88.9% and 115.1% with RSDs between 2.5% and 8.9%. 
The results suggested that the matrix had insignificant effects on the extraction method, 
suggesting that it is applicable to genuine aqueous samples. Figure 4-10 shows a 
chromatogram of spiked canal water samples at 0.5 ng/ml of each analyte after extraction by 








Table 4-3. Analytical results for the determination of acidic drugs in genuine samples 
Analyte Analytes spiked at 0.1 ng/ml  Analytes spiked at 10 ng/ml 
 Relative recovery          RSD% Relative recovery       RSD% 
Ibuprofen      88.9                           8.3       89.7                         3.5 
Naproxen     107.2                          6.5      107.7                        5.5 




Figure 4-10 GC-MS-SIM traces of canal water extracted by the proposed method. Canal 
water sample spiked at a concentration of 0.5 ng/ml of each analyte. Conditions: sample 
volume, 10 ml; sonication time, 2 min; volume of 1-octanol, 10 μl; desorption solvent, 
hexane; salt concentration, 50 mg/ml; pH of sample, 2. Peaks: 1: ibuprofen; 2: naproxen; 
3. ketoprofen. 
 
4.4 Concluding remarks 
In this study, SAE-VA-μ-SPE with ZIF-8 employed as the μ-SPE sorbent, was developed. 
The material was demonstrated to be a good sorbent for acidic drugs in water samples 
because of its high surface area, hydrophobic property and water stability. The developed 
method proved to be a fast, environmentally friendly and convenient means of sample 
preparation. The total sample preparation time was less than 10 min, far less than most 
conventional methods. Most importantly, the proposed technique can expand the 
applicability of SAEME and μ-SPE since it permits a wider range of solvents and solid 
sorbents in various combinations to be used. In SAE-VA-μ-SPE coupled with GC-MS, 
good linearity, satisfactory low LODs and repeatability for the acidic drugs were 






























Chapter 5. Ionic liquid based dispersive liquid-liquid microextraction coupled with 




Pharmaceutical ingredients have become of increasing scientific and public concern due 
to their potential to cause undesirable environmental effects [240-243]. Pharmaceutical 
ingredients are used widely in many developed countries and can enter environmental 
waters through human excretion and incomplete elimination in sewage treatment plants.  
 
Antidepressants are among the many pharmaceutical substances likely to be found in the 
environment. Antidepressants are generally divided into three classes: monoamine 
oxidase inhibitors (MAOIs), tricyclic antidepressants (TCAs), and selective serotonin 
reuptake inhibitors (SSRIs). TCAs are a major category antidepressant for the treatment 
of psychiatric patients suffering from clinical depression [244, 245]. 
 
The concentrations of various pharmaceutical residues detected in the aquatic 
environment are relatively low. The development of sensitive and reliable analytical 
methods for detection of TCAs in aquatic samples is therefore very important. Despite 
substantial technological advances in the analytical filed, most instruments cannot handle 
complex sample matrix (such as environmental water sample) directly and, as a result, a 
sample preparation step is critical and takes up a major portion of analysis time. There are 
limited reliable analytical methods specific enough for the analysis of TCAs in aquatic 
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samples because of the complexity of environmental matrices. As far as we are aware, 
only LLE [246] and SPE [247-250] have been reported for the extraction of TCAs from 
environmental water samples. However, these are time-consuming and labor-intensive 
procedures. Different high extraction efficiency and solvent-minimized extraction 
methods have been developed in the past few decades. One particular form of LPME is 
DLLME.  
 
A miniaturized format of SPE termed μ-SPE has also been developed. However, tedious 
procedures such as centrifugation, heating and cooling, or refrigeration of the extraction 
solvent are necessary in various DLLME modes. The required extraction time of μ-SPE 
is generally more than 30 min, which can be considered as too long. In order to overcome 
these disadvantages and increase sample throughput, the development of time-saving and 
highly efficient microextraction methods is necessary. Therefore, a new sample 
preparation method, which couples DLLME with vortex-assisted μ-SPE (DLLME-VA-μ-
SPE) was conceptualized as reported in the present study, that obviated the use of 
centrifugation, and all other processes usually needed in classical DLLME.  
 
In this chapter, IL based DLLME-VA-μ-SPE (IL-DLLME-VA-μ-SPE), using a 
combination of a IL for DLLME and a new type of ZIFs, ZIF-4, for µ-SPE, of five TCAs 
from aqueous samples is reported. The IL replaces highly toxic chlorinated with 
conventional DLLME, the present approach (IL-DLLME-VA-μ-SPE) avoids use of a 
special apparatus, conical-bottom test tubes or a centrifuge. The usual procedures 
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extraction solvent are not required. Parameters affecting the extraction such as pH of 
sample, type of IL, volume of IL, sonication time, desorption solvent and desorption time 
were investigated. IL-DLLME-VA-μ-SPE combined with HPLC was then applied to the 
determination of TCAs in environmental water samples.          
 
5.2 Experimental 
5.2.1 Reagents and chemicals  
TCA standards including clomipramine (Clo), trimipramine (Tri), amitriptyline (Ami), 
imipramine (Imi) and desipramine (Des) were purchased from Sigma-Aldrich. 1-Octanol 
was purchased from Sigma-Aldrich. ILs used in the present study, [HMIM][FAP] and 1-
hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([HMIM][NTf2]) were 
bought from Merck.  
 
5.2.2 Synthesis of ZIF-4 
The synthesis of ZIF-4 was performed according to the reported procedure [217]. Briefly, 
0.04 g Zn(NO3)2.4H2O and 0.03 g Im were added to a 20 ml vial and dissolved in 3 ml 
DMF. The vial was then placed in an oven and heated at a rate of 5 °C/min from room 
temperature to 130 °C, and held for 48 h. The temperature of the reaction mixture then 
reduced by 0.4 °C/min to room temperature. The obtained crystals were washed with 
DMF (3 × 5ml), and dried in air. 
 
5.2.3 Apparatus 
Chromatographic analysis was performed on an Agilent Technologies (Waldbronn, 
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Germany) 1200 series HPLC system that included a binary pump and an auto-sampler. 
The instrument was equipped with a UV-VIS detection system, and controlled by 
Chemstation software (Agilent Technologies). 
 
Separations of TCAs were performed on a Phoenix (Phoenix Technologies, CA, USA) 
C8 column. The mobile phases employed consisted of methanol and 0.05 mol/l NaHPO4 
solution (pH 6.5) (65:35) at a flow rate of 0.6 ml/min in isocratic elution mode. The 
injection volume was 10 μl and all analytes were monitored at a detection wavelength of 
254 nm. 
 
5.2.4 Extraction procedures  
The µ-SPE device (0.5 cm × 0.8 cm) was prepared according to a previous report [115]. 
Every µ-SPE device was cleaned by sonication in acetone for 5 min to remove any 
possible contamination and dried completely in air before use. Five milligrams of ZIF-4 
was served as the sorbent in the µ-SPE device.  
 
5.2.4.1 IL-DLLME-VA-μ-SPE  
For each extraction experiment, 5 ml of aqueous sample containing the analytes (Table 5-
1 list the physicochemical properties and chemical structures of TCAs selected for this 
study) was first added to a 10 ml glass vial. Two hundred microliters of methanol (as the 
dispersive solvent) and 20 µl of IL were mixed homogenously and injected rapidly into 
the aqueous sample. The mixture was sonicated for 1 min and a cloudy solution was 
formed. A prepared µ-SPE device was quickly added to the obtained mixture solution 
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and vortexed for 1 min for extraction. The µ-SPE device was then removed with a pair of 
tweezers, followed by drying with lint free tissue paper and placed in a 300 µl vial for 
solvent desorption for 5 min by sonication. Ten microliters of the obtained desorption 
solvent were injected into HPLC system for analysis. Each µ-SPE device could be reused 
for up to 40 experiments without deterioration in extraction performance (results not 
shown).  
Table 5-1 Structures of TCAs considered in this study    





























D-µ-SPE, for comparative purposes, was carried out by adding a µ-SPE device to the 
aqueous sample for sonication extraction for 1 min, followed by a 1 min vortexing. 
Desorption and injection procedures were the same as for the IL-DLLME-VA-μ-SPE 
procedure.  
 
5.3 Results and discussion 
5.3.1 Optimization of IL-DLLME-VA-μ-SPE process 
In order to obtain optimum performance of the present IL-DLLME-VA-μ-SPE procedure, 
various parameters including extraction solvent (the IL), volume of extraction solvent, 
sonication time, desorption time, pH of aqueous sample, salt concentration were 
investigated. Five milliliters of water sample containing 100 ng/ml of each TCA were 
used for the optimization experiments.  
 
5.3.1.1 Comparison of IL-DLLME-VA-μ-SPE with SA-VA-µ-SPE 
As can be seen from Figure 5-1, IL-DLLME-VA-μ-SPE gave higher peak areas than D-µ-
SPE. These results indicated that higher extraction efficiency was primarily due to the IL-
DLLME step. In this extraction process, the target analytes were first extracted into the 
IL; the analytes in the IL were then extracted onto the μ-SPE device. Extraction of the 
TCAs into the IL was very fast (less than 1 min) with sonication. The IL droplets were 
widely dispersed in the sample, enhancing the surface contact area and therefore mass 
transfer between the two phases. Subsequently, 1 min vortex-assisted µ-SPE was enough 
to extract the analytes from the droplets. Compared with D-µ-SPE, the IL can be 
dispersed as fine droplets efficiently, thus facilitating its extraction of analytes. Therefore, 
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the extraction efficiency of IL-DLLME-VA-μ-SPE was much higher than D-µ-SPE alone. 
 
The IL used, [HMIM][FAP], is ultrahydrophobic. It has been found that water uptake by 
[HMIM][FAP] is much less than ILs containing (NTf2
- 
) [157,158]. It showed higher 
extraction efficiency for relatively polar analytes. It thus was considered a suitable 
extraction solvent for TCAs. 
 
It was found that when an empty µ-SPE device (without sorbent) was used, the solution 
derived from the DLLME step remained cloudy even after VA-µ-SPE. It is conceivable 
that the random tumbling of the ZIF-4-filled device in the cloudy solution allowed better 
interaction of the sorbent with the dispersed IL droplets making up the emulsion, thus 
removing the droplets effectively from solution. ZIF-4 was deemed as a suitable 
extraction sorbent for µ-SPE. The required extraction time of this process was less than 
10 min, far less than conventional D-μ-SPE process on its own.  
 
5.3.1.2 Effect of extraction solvent 
Selection of extraction solvent is of great importance in microextraction in order to obtain 
efficient extraction performance. The choice of extraction solvent is determined by 
several requirements. First of all, it should be immiscible with water, to have the ability 
to extract analytes, and be compatible with HPLC. Furthermore, it should be relatively 
nonvolatile to prevent solvent loss during extraction. As well as for their characteristics 




In general, the dispersion of the extraction solvent determines the enrichment it can help 
to achieve in DLLME. The smaller the fine droplets of the extraction solvent are, which 
afford larger surface area of contact with the water sample, the higher the extraction 
performance that can be attained. According to the obtained results given in Figure 5-2, 
[HMIM][FAP] gave the highest peak areas, and was thus considered to be the most 
appropriate extraction solvent for further experiments.  
 
 
Figure 5-1 Comparison of DLLME-VA-μ-SPE and VA-μ-SPE. Conditions: extraction 
solvent, [HMIM][FAP], sample volume, 5 ml; sonication time, 2 min; volume of 
extraction solvent, 20 μl; desorption time, 5 min; desorption solvent, methanol. 
 
5.3.1.3 Effect of the volume of extraction solvent 
The effect of volume of extraction solvent was investigated at four values in the range of 
5 to 30 µl (5, 10, 20, 30 µl). Figure 6-3 shows that the peak areas of all analytes reached 
their respective maxima at the IL volume of 20 µl, and decreased when the volume of IL 
was further increased. This is a common observation in microextraction. This is a 
common observation in DLLME. The concentration of analytes in the IL phase decreased 






Figure 5-2 Influence of extraction solvent on DLLME-VA-μ-SPE. Conditions: sample 
volume, 5 ml; sonication time, 2 min; volume of extraction solvent, 20 μl; desorption 




Figure 6-3 Influence of volume of extraction solvent on IL-DLLME-VA-μ-SPE. 
Conditions: extraction phase, [HMIM][FAP], sample volume, 5 ml; sonication time, 2 
min; desorption time, 5 min; desorption solvent, methanol. 
 
5.3.1.4 Effect of desorption solvent 
The analytes were desorbed by a suitable solvent from the μ-SPE device after extraction. 
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Since reversed-phase HPLC was used, compatible solvents such as methanol, ethanol, 
acetonitrile and 0.01 M H3PO4 (70 μl) were investigated for their analyte desorption 
capabilities. Figure 5-4 shows that methanol gave the highest peak areas.  
 
5.3.1.5 Effect of sonication time 
The effect of sonication time was investigated in the range of 1 to 7 min at 2-min 
intervals. Figure 5-5 shows that sonication time had little effect on extraction 
performance. Therefore, the minimum time of 1 min was considered to be sufficient to 




Figure 5-4 Influence of desorption solvent on IL-DLLME-VA-μ-SPE. Conditions: 
extraction phase, [HMIM][FAP], sample volume, 5 ml; sonication time, 1 min. volume of 






Figure 5-5 Influence of sonication time on IL-DLLME-VA-μ-SPE. Conditions: extraction 
phase, [HMIM][FAP], sample volume, 5 ml; volume of extraction solvent, 20 μl; 
desorption time, 5 min; desorption solvent, methanol. 
 
5.3.1.6 Effect of concentration of sodium hydroxide in sample solution 
The influence of the alkalinity of the sample solution on IL-DLLME-VA-μ-SPE was 
evaluated by varying concentrations of NaOH in the range of 0 to 0.5 M. According to 
the obtained results (Figure 5-6), the peak areas were highest when 0.01 M NaOH 
solution was used. Further addition of NaOH had a negative effect on extraction 
performance. The possible reason for this phenomenon is that the analytes were in the 
ionic forms (clomipramine hydrochloride, amitriptyline hydrochloride, imipramine 
hydrochloride (Imi) and desipramine hydrochloride) at the beginning, and then converted 
to molecular forms by the addition of NaOH to the aqueous solution. Further addition of 
NaOH (higher than 0.01 M) leads to salting in effect due to spontaneously producing 
NaCl [251]. Hence the addition of 0.01 M NaOH was selected as the most favorable 








Figure 5-6 Influence of sample pH on IL-DLLME-VA-μ-SPE. Conditions: extraction 
phase, [HMIM][FAP], sample volume, 5 ml; sonication time, 1 min. volume of extraction 
solvent, 20 μl; desorption time, 5 min; desorption solvent, methanol. 
 
5.3.1.7 Effect of desorption time 
The effect of desorption (sonication) time on IL-DLLME-VA-μ-SPE in the range of 5 to 
25 min at 5 min intervals was explored (Figure 5-7). The peak areas of all analytes 
showed minimal change with the change of desorption time. To balance desorption time 
and desorption efficiency, 5 min was the optimum choice for this study. In order to 
examine carryover effect, the μ-SPE device was desorbed for a second time in methanol 
for another 5 min. No analytes were detected. Although this experiment was conducted 
once only, the result suggested that a single μ-SPE device could be reused, supporting the 






Figure 5-7 Influence of desorption time on IL-DLLME-VA-μ-SPE. Conditions: 
extraction phase, [HMIM][FAP], sample volume, 5 ml; sonication time, 1 min. volume of 
extraction slvent, 20 μl; desorption solvent, methanol. 
 
5.3.1.8 Effect of salt concentration 
Effect of salt concentration was studied in the present work by adding different amounts 
of NaCl (0, 50, 100, 200 mg/ml) to the sample solution. Peak areas of analytes increased 
along with the increase of NaCl from 0 to 50 mg/ml (Figure 5-8), but decreased thereafter. 
It is a common observation that extraction efficiency increases with the increase of salt 
concentration. The possible reason is that salt had an effect on the solution as much as the 
analytes at the chosen pH. When the salt concentration was raised from 50 to 200 mg/ml, 
the increase in the viscosity of the sample solution caused the mass transfer from the 
aqueous phase to the IL phase to be inhibited, thus leading to a decrease in peak areas. 





Figure 5-8 Effect of salt addition on IL-DLLME-VA-μ-SPE. Conditions: extraction phase, 
[HMIM][FAP], sample volume, 5 ml; sonication time, 1 min. volume of extraction 
solvent, 20 μl; desorption time, 5 min; desorption solvent, methanol. 
 
5.3.2 Method evaluation 
The IL-DLLME-VA-μ-SPE method was evaluated by characterizing its analytical 
performance in terms of linearity, repeatability and LOD under the most favorable 
extraction conditions. Calibration curves of each analyte were performed at five 
concentration levels in the range of 1 to 1000 ng/ml with r between 0.9957 and 0.9999. 
LODs were calculated at a concentration at a S/N ratio of 3 by extraction of ultrapure 
water spiked with the five TCAs, and these ranged between 0.3 and 1 μg/L. The 
repeatability, described as RSDs by five replicate experiments at the concentration of 4 
ng/ml, were in the range of 1.5 to 7.8%. The results are shown in Table 5-2. The obtained 
results are comparable with those reported in previous studies, in which SPE [251] and 
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LOD    LOD 
(μg/L)   (μg/L) 
 
Des 1-1000 0.9990 0.3 43 4.9     -             -  
Imi 1-1000 0.9999 0.5 41 1.5    15           -  
Ami 1-1000 0.9997 1.0 17 3.3     -            5  
Tri 1-1000 0.9970 0.4 20 7.8  -            - -  
Clo 1-1000 0.9957 0.5 24 5.6  8           -  
 
5.3.3 Analysis of genuine water samples 
In order to test the applicability of IL-DLLME-VA-μ-SPE, experiments were conducted 
with genuine water samples, which were collected from a canal in a residential area of 
Singapore. The samples were used without filtration and subjected to IL-DLLME-VA-μ-
SPE. The results showed that the canal water was free of the five TCAs or they were 
below the LODs. In order to investigate genuine matrix effects on the developed method, 
relative recoveries, of the method were tested. Canal samples were spiked at two 
concentrations of 5 and 50 ng/ml. The results are illustrated in Table 6-3. The relative 
recoveries varied between 94.3% and 117.4% and RSDs in the range of 0.7 to 8.5%. The 
results showed that the matrix had little effect on IL-DLLME-VA-μ-SPE, making this 
procedure feasible for genuine aqueous samples. 
 
Table 5-3 Results of IL-DLLME-VA-μ-SPE of TCAs from canal water samples 
Analyte  Canal water spiked at 4 ng/ml Canal water spiked at 100 ng/ml 
 Relative recovery (%) RSD(%,n=3) Relative recovery (%) RSD(%,n=3) 
Des         111.0                        5.2                                   99.7                            1.8             
Imi          98.6                         1.2                              98.7                            6.1           
Ami          97.0                         5.1                                 114.7                           8.5           
Tri         117.4                        5.2                         111.8                           0.7           
Clo          94.3                         2.5                            103.4                           5.1          
          
5.4 Conclusion remarks 
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A new mode of microextraction, IL-DLLME-VA-μ-SPE was described in this study. Use 
of IL in place of highly toxic, chlorinated solvents, which are usually employed as 
extraction solvent in DLLME is a desirable development of this LPME mode. ZIF-4 was 
employed as sorbent for µ-SPE. The results clearly show that ZIF-4 is suitable material as 
a µ-SPE sorbent in aqueous samples. In comparison with conventional DLLME, the 
developed method avoided the centrifugation, heating or refrigeration steps. Besides, 
while interferences from matrix co-extractives are common in DLLME, the present 
method addresses this difficulty as well. IL-DLLME-VA-μ-SPE is a more selective 
microextraction method since the polypropylene membrane can protect the sorbent from 
contamination, especially for complex liquid or semi-liquid samples. Most importantly, 
the proposed technique can expand the applicability of DLLME and dispersive micro-
solid-phase extraction since it permits a wider range of extraction solvents and solid 
sorbents to be used. The developed method proved to be a fast, environmentally friendly 
and an easy-to-use approach to sample preparation. The total sample preparation time 
was less than 10 min; less than conventional μ-SPE of pharmaceutical residues that could 





































Chapter 6. Conclusions and future work 
 
Several miniaturized sample pretreatment methodologies, ionic liquid (IL) based liquid-
phase microextraction (LPME) and zeolite imidazolate frameworks (ZIFs) based micro-
solid-phase extraction (µ-SPE), have been introduced in the present thesis. 
.  
In Section 2, a new kind of IL, 1-hexyl-3-methylimidazolium 
tris(pentafluoroethyl)trifluorophosphate [HMIM][FAP], was introduced into LPME. Two 
modes of LPME, two phase hollow fiber based LPME (HF-LPME) and ultrasound-
assisted emulsification microextraction (USAEME), combined with high performance 
liquid chromatography UV (HPLC-UV) were developed. In two-phase HF-LPME, for the 
first time, IL was employed as supporting phase and extraction phase of two-phase HF-
LPME. Compared to other commonly used ILs in extraction processes, [HMIM][FAP] 
gave high EFs for the UV filters considered in this work, making it an ideal candidate for 
use in the HF-LPME of these contaminants. Low limits of detection (LODs) in the range 
of 0.3-0.5 ng/ml (S/N=3) were obtained. The technique can be applied to the routine 
determination of UV filters in natural water samples. [HMIM][FAP], was used in place of 
an organic solvent as in conventional USAEME. In the study, orthogonal array designs 
(OAD) were employed for the optimization of the extraction parameters. The LODs 
ranged between 0.5 and 1 ng/ml were achieved. The new method is suitable to detect UV 
filters in real environmental water samples since these analytes are usually found at or 




In Section 3, a novel class of metal-organic frameworks (MOFs), ZIFs, was used as 
sorbent of µ-SPE of trace contaminations from environmental water samples. ZIFs have 
permanent porosity, high surface area, hydrophobic property, open metal sites and 
remarkable water stability. These novel properties characterize these materials as being 
different from other moisture sensitive MOFs and endow ZIFs with the potential to 
extract trace analytes from environmental water samples.  
 
In Chapter 3, ZIF-8 was synthesized and used as sorbent of μ-SPE of polycyclic aromatic 
hydrocarbons (PAHs). Owing to its high surface area, water stability and hydrophobicity, 
ZIF-8 was shown to have high affinity for PAHs. LODs obtained were between 0.002 
and 0.012 ng/ml, with satisfactory recoveries (98% to 106.5%) when GC-MS was used as 
an analytical technique. The developed method can be applied for real water samples. 
ZIF-8 has Lewis acid sites from Zn; thus, it provides the possibility to selectively extract 
electron-rich analytes, such as PBDEs.  
 
In order to increase sample preparation throughput and overcome the disadvantages of 
DLLME and μ-SPE, the development of time-saving and high efficient microextraction 
techniques is desirable. In Chapter 4, a new technique is introduced in the present study, 
based on combined sonication-assisted emulsification microextraction with vortex-
assisted μ-SPE (SAE-VA-μ-SPE) as a new sample preparation technique that employs 
ZIF-8 as extraction sorbent. Acidic drugs were selected as analytes. The developed 
method exhibited low LODs (0.01 to 0.03 ng/ml), are low enough for acidic acids 
detection in the environmental water analysis. This study exhibited that SAE-VA-μ-SPE 
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are suitable for the extraction of acidic drugs (with subsequent determination by GC-MS) 
from environmental water samples. 
 
In order to reduce the use of organic solvent and explore more ZIFs as μ-SPE sorbent, in 
Chapter 5, IL-dispersive liquid-liquid microextraction combined with μ-SPE (IL-
DLLME-μ-SPE), and HPLC was developed for the determination of tricyclic 
antidepressants (TCAs) in water samples. ZIF-4 was employed as extraction sorbent for 
μ-SPE and [HMIM][FAP] as extraction solvent for SAE . Under the optimized conditions, 
the relative standard deviations and the limits of detection were in the range of 1.5% and 
7.8% and 0.3 and 1 μg/L, respectively. The results showed that IL-DLLME-μ-SPE was 
suitable for the determination of TCAs in water samples. 
 
Table 6-1 shows the summary of our developed methods in the present thesis. Low LODs 
and good RSDs were obtained for the five developed microextraction methods. From this 
Table, it shows clearly that longer equilibrium time was required for IL-HF-LPME due to 
the high viscosity of [HMIM][FAP]. Another inherent disadvantage associated with the 
developed method is collection of ILs after extraction. Therefore, USAEME was 
introduced in order to avoid withdrawn ILs from hollow fiber. However, co-extraction is 
a common problem for USAEME. Furthermore, quantitative withdrawn the ILs after 
centrifugation is also problematic. The development of sorbent based microextraction 
method is therefore necessary. The relatively longer extraction time for conventional µ-
SPE is a shortcoming to use it. In essence SAE-VA-μ-SPE (IL-DLLME-μ-SPE) is a 
combination of two different and efficient miniaturized techniques. It was demonstrated 
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to be a fast (total sample extraction time ~ 10 min), accurate, and convenient pretreatment 
procedure for trace analysis of environmental water samples. A characteristic property of 
SAE-VA-μ-SPE (IL-DLLME-μ-SPE) is that any organic solvent and solid sorbent can be 
used. Special apparatus, or conical-bottom test tubes, and tedious procedures 
conventionally associated with DLLME such as centrifugation, or refrigeration of solvent 
are not necessary in the present approach.  
 




time (min) LODs RSDs% 
IL-HF-LPME UV filters 50 0.2-0.5 ng/ml 1.1-8.2 
IL-USAEME UV filters 12 0.5-1 ng/ml 2.6-6.6 
u-SPE PAHs 40 0.002-0.012 ng/ml 2.1-8.5 
SAE-VA-μ-SPE Acidic drugs 10 0.01-0.04 ng/ml 4.1-7.6 
IL-DLLME-μ-SPE TCAs 10 0.3-1.0 µg/ml 1.5-7.8 
 
In future work, more microextraction method based ILs should be developed. According 
to our experience, collection of ILs after extraction is a challenge. In order to overcome 
this problem, ILs as the coating of SPME fiber is a feasible way. In this way, ILs is 
compatible with GC-MS. More ZIFs should be investigated as sorbent in extraction since 
ZIFs have water stability and high surface area. The primary limitation of the procedures 
developed in this work is the lack of automation. Future work should be devoted to the 
implementation of partial or full automation of some of these microextraction processes, 
along the line enjoyed by commercial solid phase microextraction (SPME) automated 
sampling system. This may add cost and complexity, but in order to attract widespread 
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